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ABSTRACT 
 A new field method was developed for the gross detection of alpha and beta 
radionuclides in water. The new field, method consists of a 0.5 L water sample 
concentrated with an Actinide Resin (Eichrom Technologies, Inc.), followed by MnO2 co-
precipitation, and detection on an Thermo Eberline E600 detection system utilizing a 
phoswich (ZnS:Ag) plastic scintillator mounted on a modified SPA-1A Probe (Thermo 
Eberline, LLC.) The field method was evaluated against a modified EPA method consisting 
of the iSolo® Alpha/Beta Counting System which utilized a passivated implanted planar 
silicon (PIPS) detector. The minimum detectable concentration (MDC) for the field 
method is 308.4 mBq L-1 and 730.2 mBq L-1, for alpha and beta, respectively, compared to 
3.0 mBq L-1 and 6.0 mBq L-1, respectively, for the standard method, EPA 900.0 [EPA, 2004].  
The resulting MDC, relative to the standard method, was significantly higher. The 
proposed field method is most suitable for human health risk assessment vice 
environmental monitoring. Under the specified conditions, the goal was to quantify 
measurements at or below a determined gross activity action level to facilitate risk 
assessment decision-making. The reference levels set by the World Health Organization 
(WHO) are 500 mBq L-1 for gross alpha and 1,000 mBq L-1 for gross beta activities; water 
deemed acceptable for human consumption without any further action with respect to 
its radioactivity [Bartram and Gordon, 2006]. Furthermore, at these levels, additional 
analysis would be necessary for risk assessment to be quantified. 
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CHAPTER ONE 
INTRODUCTION 
Radioactivity in soil and groundwater is a common occurrence due to natural 
sources and anthropogenic releases. Groundwater transport through the aquifer 
transfers contaminants to drinking water sources. Gross alpha/beta analysis is used as the 
first step in the radiological characterization of drinking water and as a screening method 
in the field of radioecology, environmental monitoring, and industrial applications. Most 
natural radionuclides are members of a complex decay chain [Jobbagy, et al., 2010].  
Mixtures of multiple radionuclides present in diverse decay schemes complicate the 
determination of gross alpha and beta activities. Ratios of parent-to-daughter 
concentrations can vary with respect to time, thus requiring laboratory analysis to 
determine individual radionuclides in a given sample. The necessity for sophisticated 
detection equipment inhibits the majority of analytical detection methods in the field 
environment.  
The Environmental Protection Agency (EPA), Department of Defense (DoD), as 
well as other environmental advocacy organizations, are required to adhere to 
government regulations for the evaluation and determination of public health risks 
caused by environmental contaminants and are also required to conduct environmental 
site assessments.  Groups that conduct environmental site assessments possess the 
capabilities to evaluate the chemistry of various water sources (i.e. pH), dissolved solids, 
conductivity, and various salts. Despite these capabilities, many groups have limited or no 
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ability to detect the presence of radionuclides in field aqueous samples [Bartram and 
Gordon, 2008]. Environmental aqueous samples are currently collected and sent to an 
off-site laboratory for analysis. The off-site analyses are typically laborious and time 
consuming, requiring several hours per sample. This may result in prolonged turnaround 
times, in the range of two weeks, which may delay critical risk assessment or timely 
decision making determining the potability of water sources in accident situations.   
The purpose of this research is to develop a practical field method for the gross 
detection of alpha and beta radionuclides in aqueous solutions utilizing standard aqueous 
chemistry methods and radiation detection instruments. This method assists in the 
identification of contaminant levels in excess of maximum permitted levels and can aid in 
decision-making without the logistical constraints of outsourcing sample analysis. The 
method’s foundation relies on the concepts of radionuclide complexation, redox, and 
chemical solubility. 
The criteria to determine the optimal detection method were process time, 
counting efficiency, signal-to-noise ratio, equipment and material requirements, and 
MDC. The outcome is a sufficiently accurate, in-field radiological characterization/ 
detection method that facilitates timely contaminant risk assessment and decision-
making. 
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CHAPTER TWO 
BACKGROUND 
2.1 Gross Alpha and Beta Analysis  
Gross alpha and gross beta measurements are relatively inexpensive, can be 
completed rapidly, and are useful for determining the necessity of specific radionuclide 
analysis. However, gross measurements give no information about the isotopic 
composition of the sample, and cannot be used to estimate radiation exposure. Careful 
preparation of samples and standards is necessary to minimize the sample mass. Both 
alpha and beta radionuclide are subject to self-absorption, especially alpha- emitting 
radionuclides which have higher Linear Energy Transfer (LET).  Specific radionuclide 
analyses are often more expensive and time-consuming than a gross analysis and may not 
be warranted if the radionuclide concentration is low.  
For anthropogenic radioactivity, the identification of gross alpha-emitters activity 
may pertain to screening for transuranics in wastes, while gross beta-emitters activity 
may be useful for screening for fission products in accidental releases from nuclear power 
reactors. If the results confirm the presence of contamination, further analysis is 
warranted to determine an isotopic content using more sophisticated and time-
consuming procedures. The method for initial screening should involve minimum sample 
preparation and be discriminating for alpha and beta radionuclides.   
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2.2 Radionuclides of Concern 
Widespread use of radioactive materials by industry, hospitals, and academic 
institutions diversified the array of radionuclides available to the population. A joint 
working group between the Department of Energy (DoE) and Nuclear Regulatory Center 
(NRC) used input from Sandia National Laboratories to identify the radioactive materials 
of greatest concern that could be intentionally released [Sturz, 2003]. The working group 
applied the criteria of potential dose impacts and feasibility of obtaining significant 
quantities of the radioactive materials in the evaluation of nuclear material. The working 
group’s suggested radionuclides to constrain the numerous radionuclides to consider. 
Table 2.1 below lists the radionuclides identified by a joint DoE/NRC group. 
Table 2.1. Radionuclides of Concern [Sturz, 2003] 
Isotope 
Half Life 
(years) 
Specific Activity 
(Ci/g) 
Decay 
Mode3 
Radiation Energy (MeV)2 
     Alpha1 Beta1 Gamma1 
241Am 432.2 3.5 α 5.485 - 0.0595 
238Pu   87.7 17 α 5.449  - - 
239Pu 24110 0.063 α 5.156 - - 
210Po 0.4 4500 α 5.304 - - 
226Ra 1600 1 α 4.784   - 3   - 3 
137Cs 30.07 88 β - 0.514 0.662 
60Co 5.2714 1100 β - 0.318 
1.173/ 
1.332 
192Ir 0.202 9200 β - 0.181 0.820 
90Sr/ 
90Y 
28.79, 
0.0073 
140 
β  
β 
- 
 0.546/ 
2.300 
- 
1. Radiation energy listed depicts the highest probability emission of the particular radionuclide. 
2. Data obtained from Chart of Nuclides, Brookhaven National Laboratory. 
3. Beta and Gamma contribution from daughter products are significant only if the sample is measured beyond 
27 days after preconcentration. 
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2.3 Concentration Techniques 
An important part of any radionuclide analysis is contending with interferences, 
which both attenuate the energy deposited in tissue and produce a signal that is 
indistinguishable from that of the radionuclide of interest. There are several general 
techniques that can be utilized to separate and concentrate specific radionuclides 
including evaporation, ion exchange, co-precipitation, solvent extraction, and extraction 
chromatography.  
Evaporation 
One of the simplest ways to concentrate the solutes of any solution is to evaporate 
the aqueous phase by heating the sample. This procedure is easy and adequate for many 
measurement techniques. Many water analysis methods utilize evaporation as a 
concentration technique due to its simplicity and reliability [EPA, 2004].  
Montana et al., (2012), surveyed the factors that affect gross alpha measurement 
and measured detection efficiency as a function of the sample mass on the steel planchet 
with a ZnS(Ag) scintillation and a gas-flow proportional detector, as shown in Figure 2.1. 
The study illustrates the rapid reduction in efficiency as sample mass increases. An 
important consideration in the analysis of charged particle emitting radionuclides is 
contending with the energy absorption. When concentrated by evaporation, detection is 
limited by the energy absorbed of the remaining dissolved solids. Energy absorption 
occurs when the radioactive particles interact with matter resulting in lost energy prior 
the detector interaction and a subsequent pulse height reduction less than its full- energy 
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potential. When the signals are masked by reduced-energy pulses, complications arise 
and result in misclassification. The misclassification requires a correction factor to adjust 
for the reduced-energy pulses. 
   
Figure 2.1 Comparison of the efficiency vs. sample Mass for 241Am counted on 
ZnS and Gas Flow Proportional Counter [Image adapted from Montana et al., 
2012, used with permission] 
A common problem associated with sample evaporation occurs when most of the 
solids within an evaporated source deposit and spread on the planchet. The evaporation 
processes leave a ring of the sample around the planchet edge thereby reducing the 
detection efficiency due to poor sample geometry.  EPA prescribed Method 900.0, (2004), 
for measuring gross alpha and beta radioactivity in drinking water, requires that the 
sample aliquot be limited to what will produce 5 mg cm-2 or less of solids on the planchet. 
Thus, for a 50.8 mm planchet (~20 cm2), an aliquot containing 100 mg of nonvolatile 
dissolved solids is the maximum test-source mass [EPA, 2004].  
Jobbagy et al., (2010), also noted in their review of current gross alpha/beta 
methods that a major drawback to evaporation technique is that the sample is subjected 
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to heat and may not account for volatile radionuclides. Loss of volatile elements greatly 
underestimates the activity concentration of a sample [Matthews et al., 2007].  Despite 
the issue with solids concentration by evaporation provides favorable MDCs ranging 3 – 
12 mBq L-1 for alphas and 6 – 25 mBq L-1 for betas [Montana et al., 2012]. 
Ion Exchange 
  In the ion exchange process, ions held on an ion-exchange resin are exchanged for 
ions in a solution brought into contact with the resin [Skoog et al., 2004].  Synthetic ion-
exchange resins are high-molecular-weight polymers that contain an excess of ionic 
functional groups. Cation-exchange resins contain acidic groups, and anion-exchange 
resins have basic groups. Strong acid exchangers are identified with sulfonic acid groups 
attached to the polymeric matrix and weak acid exchangers possess carboxylic acid 
groups. Similarly, strong base anion exchangers contain quaternary amine groups, 
whereas weak-base types contain secondary or tertiary amines [Skoog et al., 2004]. Ion 
exchange resins can be used to eliminate interferences and are capable of concentrating 
ions from very dilute solutions. Traces of metal ions in large volumes of water, for 
example, can be collected and concentrated on an ion exchange column and 
subsequently removed for analysis. The final concentration available for analysis is 
presented with a reduced volume [Eikenberg, 2004].  
Ammonium molybdophosphate (AMP) has been extensively investigated and 
found to be highly effective for the removal of cesium from acidic liquids. Buchwald et al., 
(1957) reports the ion exchange mechanism of AMP as an isomorphous exchange of 
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cesium ions for ammonium ions in the crystal lattice. The ammonium ions with associated 
water molecules are fitted between the regions of negative ions, thus accounting for the 
cohesion of these ions. Kinetic studies, in batch systems, were also conducted indicated 
rapid exchange (<30 min) of Cs in the AMP [Trantera, 2002]. 
Co-precipitation 
 Co-precipitation is a method to separate and collect radionuclides present in 
solution at very low concentration. It occurs when metal ions and other contaminants are 
carried down out of solution with or in a precipitate. There are a variety of co-precipitants 
in the literature. However, iron (III) hydroxide, (Fe(OH)3) and manganese dioxide (MnO2) 
are most commonly used with radionuclides [Matthews et al., 2007].  Iron (III) hydroxide 
(Fe(OH)3) co-precipitation can be performed using FeCl3 and NH4OH [Jia et al., 2001]. 
Manganese dioxide, (MnO2), co-precipitation is performed with KMnO4 and MnCl2 [Kim 
et al., 2009, Skwarzec et al., 2001].  The ions can adsorb on the surface of the precipitate 
which can seed the co-precipitation process. The other mechanisms occurring with co-
precipitation are occlusion and inclusion. Occlusion occurs as the precipitate ages and 
ions become entrapped and incorporated into the precipitate. Inclusion takes place when 
the ion occupies a lattice site within the carrier structure [L’Annunziata, 2003]. The further 
accumulation of the precipitate mass may add to undue self-absorption and increase 
interference during the counting phase [Sill, 1987]. 
Suarez-Navarro et al. (2002), conducted experiments with barium sulfate co-
precipitation of sea water and the standard method of evaporation. Minimum detectable 
 9 
 
activity range of the barium sulfate co-precipitation was 0.0019 – 0.0023 Bq L-1 compared 
to the standard method of 0.023 – 0.031 Bq L-1, an order of magnitude lower than that 
for the standard method of evaporation.  The difference in the minimum detectable 
activity was a result from the co-precipitation method of 500 mL vice 10 mL of the sample 
volume of the standard method [Suarez-Navarro et al., 2002]. 
Solvent Extraction 
Solvent extraction refers to the process of selectively removing a solute from a 
solution containing an immiscible solvent. It is a partitioning process based on the 
unequal distribution of the solute between two immiscible liquids, usually water and an 
organic liquid. The solutes exhibit different solubilities and can migrate to different 
phases of the solution. The choice of extracting solvent, therefore, will depend on the 
properties of solute, the liquid mixture, in addition to other requirements specific to the 
experimental procedure.  
With solvent extraction specificity, a high percentage of extraction is possible. 
Solvent extraction methods can be more advantageous over precipitation methods for 
separating inorganic species because the processes of equilibration and separation of 
phases in a separatory funnel are less tedious and time-consuming than conventional 
precipitation, filtration, and washing [Skoog et al., 2004]. Mechanically disturbing or 
shaking of the mixture of the two immiscible liquids allows the two liquids to intersperse. 
Two distinct layers will reform after standing for several minutes, with the denser liquid 
forming the bottom layer. Separation is achieved because the solute and accompanying 
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analytes have different solubilities in the two phases. The solute, for example, might 
preferentially remain in the aqueous phase, while the impurities or analytes selectively 
dissolve in the organic phase. The impurities and analytes are extracted from the aqueous 
phase into the organic phase.  
Separation and extraction of metal cations are possible in an aqueous solution 
when combined with an organic solvent containing a chelating agent [Gomez-Escobar, et 
al., 1998].  The solute are attracted to a chelating agent and be more soluble in the organic 
solvent. The solute will then be extracted from the aqueous phase into the organic phase, 
leaving the impurities behind in the aqueous phase [Horwitz, 1998].  
Many organic chelating agents are weak acids that yield neutral complexes 
(chelates) when bound with metal ions. Both the chelating agents and metal chelates 
tend to be very soluble in organic solvents and nearly insoluble in water while unbound 
metal ions tend to be water-soluble. For example, 1-phenyl-3-methyl-4-benzoyl-pyrazole-
5-one (PMBP) and bis-(2-Ethylhexyl) phosphoric acid (HDEHP) are common extractant 
ligands employed to separate actinides [Schramke et al., 1988]. HDEHP efficiently extracts 
trivalent actinides and lanthanides, as well as Fe(III) and Y(III) [Horwitz, 1998].    These 
ligands have the ability to extract radionuclides with various solvents (e.g. heptane and 
cyclohexane).  
Figure 2.2 illustrates the extraction flow for PMBP and HDEHP. A solution of 
Am(III), Th(IV), and Np(V) added to PMBP at pH = 0, to illustrate solvent extraction. The 
Th(IV) will migrate to the organic phase facilitating its removal and isolation. HDEHP, at 
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pH = 0, is subsequently introduced to the remaining aqueous phase. U(VI) will migrate 
and move to the new organic layer and can be separated. With the final addition of new 
quantity of HDEHP and at pH = 4.5, Am(III) would migrate to the organic phase separating 
from the Np(V) in the aqueous phase [Lee et al., 2010]. 
 
Figure 2.2 Illustration of the solvent extraction utilizing PMBP and HDEHP 
at various pHs to separate various actinides at different oxidation states. 
[Adapted from Saito, A., Choppin, G.R., 1983, used with permission]  
Extraction Chromatography 
Extraction chromatography uses the principles of liquid-liquid solvent extraction 
and column chromatography to separate radionuclides [Horwitz, 1998]. One phase is 
made stationary by absorption onto a solid support, usually silica or polymer, and the 
other liquid phase is mobile. Organic liquid extractants are incorporated into the 
stationary phase, while the mobile phase is typically an acid solution [Horwitz, 1998]. The 
application of the organic compound as a thin film throughout the resin bead allows a 
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great increase in the surface contact area between the aqueous phase and the organic 
phase. This is far more effective than forcing two immiscible liquids into droplets by 
mechanical shaking as was done in solvent extraction.  
Extraction chromatography resin has different affinities for different metal ions by 
virtue of differential solubility in the organic phase.  Affinity may be quantified and 
compared to a different constant associated with the organic compound called the 
capacity factor. A larger capacity factor indicates better migration or uptake of the ion 
into the organic phase. The separation with the extraction chromatographic resin 
correlates directly with the difference in capacity factor between two ions. Extraction 
chromatography is becoming accepted as an excellent substitute for liquid-liquid 
extraction because it is generally faster, more efficient, and generates less waste. 
Horwitz et al., (1997), plots capacity factors of various metal ions on extraction 
chromatographic resins as a function of HCL acid molar concentration in Figure 2.3. The 
capacity factor (k'), is defined as the relative migration rate of particular analytes to that 
of the aqueous phase in a column.  The k’ value will differ between elements as well as 
between oxidation states of a single element. Extraction chromatographic resins can be 
used in columns for separation of ions of different oxidation states. As the eluent flows 
through the column, different ions are eluted. The rate of ion elution is based on the 
solvent acidity, solvent volume and their k' value. The combination of variables can be 
manipulated and facilitate separation of the radionuclides.   
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Figure 2.3 Acid dependency of k’ for various metal ions in extraction 
chromatography utilizing Actinide Resin [Horwitz et al., 1997, used with 
permission]. 
 
Eichrom Technologies’, Inc., Actinide Resin is a good candidate to pre-concentrate 
samples prior to gross detection because it shows excellent uptake for all the actinides 
and for radium under neutral to slightly acidic conditions. The extractant molecule of 
Actinide Resin is bis(2-ethylhexyl) methanediphosphonic acid (H2DEH[MDP], Dipex®). The 
molecular structure is shown in Figure 2.4. Its extractant, containing a diphosphonate 
moiety functional group, is soluble in  some  liquid  scintillation  cocktails,  opening  
the  possibility  of  alpha  counting  by liquid  scintillation  counting (LSC) [Burnett et al. 
1997].  
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Figure 2.4 The actinide resin contains the extractant, bis(2-ethylhexyl) 
methanediphosphonic acid, H2DEH[MDP], incorporated on an inert 
polymeric substrate [Horwitz et al., 1997, used with permission].  
 
The effectiveness of chromatography in separating radionuclides of interest relies 
on the relative k’ values of the radionuclides, effectively determining the elution rates 
through the column.  These reactions often involve the transfer of the analyte between 
the mobile and stationary phases [Skoog et al., 2004, Horwitz et al., 1999].  Burnett et al., 
(1997) evaluated the yield of U, Am and Pu from a batch of five natural matrix soil and 
sediment standards which digested into a solution with Actinide Resin.  The Actinide Resin 
effectively recovered the three actinides, U(VI), Am(III) and Pu(IV), at yields of 85%, 99%, 
and 91 %, respectively [Burnett et al., 1997]. 
Table 2.2 details the relative capacities of the Actinide Resin for select metals. 
Capacity within the table is defined as the maximum quantity (mmol or mg) of metal ions 
removed per unit mass of Actinide Resin. The Actinide Resin can hold twice the molar 
concentration of uranium compared to other elements with lower oxidation states. The 
electronegative hydroxyl and phosphonic acid groups of the extractant have a higher 
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affinity for the actinide high positive ion state and contribute to its holding capacity 
[Horwitz et al., 1997, 1999]. The resin has an affinity for non-actinide elements (e.g. 
radium, calcium), which may add additional interference with actinide uptake, yet their 
capacity for actinides is three orders greater in magnitude, seen in Figure 2.3. 
Table 2.2 Actinide Resin Capacity for Various Elements [Horwitz et al., 1997]. 
Metal 
Capacity 
mmol g-1 of resin 
Capacity 
mg g-1 of resin 
Thorium (IV) 0.371 86.1 
Uranium (VI) 0.612 145.7 
Neodymium (III) 0.315 45.4 
Radium (II) 0.368 83.2 
Calcium (II) 0.369 14.8 
Barium (II) 0.328 45.0 
 
Table 2.3 summarizes the common concentration techniques with their inherent 
advantages and disadvantages. The simplest technique is evaporation requiring minimal 
equipment and experience to perform. The remaining techniques of ion and solvent 
exchange, co-precipitation, and extraction chromatography resin, have unique attributes 
that make them favorable techniques. 
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2.4 Detection Systems 
There are many different detection systems that may be utilized in gross alpha 
and beta radionuclide analysis. The systems are founded on the principles of radiation 
interaction with matter. Variables (e.g. particle type) impact the efficiency of particle 
detection and discrimination. Each system has strengths and weaknesses that contribute 
to its viability as a method for this study, such as high efficiency and ease of use. One 
major aspect that impacts a detector’s efficiency and resolution is its ability to properly 
characterize (discriminate) the particle that interacts with the detector.  
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Alpha / Beta Discrimination 
Modern instruments offer simultaneous alpha and beta counting. Pulse shape 
discrimination or pulse height discrimination are utilized to differentiate the different 
particle types. Pulse shape discrimination is a method that discriminates the rise times 
and decay times of the pulses. This method is most common in liquid scintillation 
counting. Whereas, pulse height discrimination uses an energy level discriminator to 
separate the pulse heights produced by the particles. Detection systems that utilize pulse 
height discrimination are able to separate counts into distinct “alpha” and “beta” 
channels by discriminating particle pulse heights. An undesirable result of pulse height 
and pulse shape discrimination is when alpha counts are misclassified as beta counts and 
stored in the beta channel; likewise, beta decays misclassified as alpha counts. The 
misclassification of alphas and betas is known as spillover. Alpha radionuclides tend to 
have higher peak energies than beta radionuclides and result in higher spillover in the 
pulse height spectrum of the beta region. Beta-to-alpha spillover is minimized during the 
setup of the instrument to a fraction of a percent during instrument setup to minimize 
the absolute contributions of the count activity to the alpha channel from beta activity in 
the sample [Pujol et al., 2000].  
Alpha/beta discrimination with liquid scintillation counting is possible with pulse 
shape discrimination. Both alpha and beta particles can disturb the electron configuration 
of the scintillation liquid, and the recombination of the electron structure leads to light 
photons being emitted. For alpha-produced pulses, the light that is emitted takes longer 
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to dissipate when compared to beta-produced pulses and produces a delayed component 
or tailing of the signal. During simultaneous detection, the pulses can overlap leading to 
misclassification or spillovers of the signal. However, the pulse decay time phenomenon 
is used to discriminate the alpha and beta beta by establishing an electronic discriminator 
setting within the detector [Floeckher, 2011]. With some detection systems, significant 
spillover can occur. The spillover can be corrected mathematically or voltage 
discriminator settings to optimize pulse detection. 
The spillover correction only makes sense if the radionuclides assayed are similar 
to sources used for standardization in energy profile and particle interaction [Knoll, 2010]. 
The standards should possess properties (i.e. chemistry, volume, pH) identical to the 
unknown samples for accurate results. The standard samples are counted and evaluated 
individually at a range of settings and their spillover fraction is calculated [L’Annunziata, 
2003].   
Gas Proportional 
Gas-flow proportional counters (GPC) are used to detect alpha and beta radiation. 
Photon radiation is detectable in GPCs, but the detection efficiency is considerably lower 
than relative efficiencies for alpha and beta activity. Physical probe areas for these types 
of detectors vary from approximately 100 – 600 cm2. The detector cavity in these 
instruments is commonly filled with P-10 gas, which is an argon-methane mixture (90% 
argon and 10% methane). Ionizing radiation typically enters this gas-filled cavity through 
an aluminized Mylar window to ionize the gas particles. The primary ions from the 
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radiation interaction become amplified through a cascade of ion formations. This cascade 
of ion formations, known as the Townsend avalanche, is a rapid production of secondary 
electrons that collect at the cathode, resulting in an electrical pulse directly proportional 
to the energy of the initial particle interaction [Knoll, 2010]. 
GPCs are affected by the quality of the sample matrix and its respective 
preparation and can subsequently affect energy loss and self-absorption of the alpha and 
beta particles. Jobbagy et al., 2010 survey several current detection methods and 
demonstrated counting efficiencies for GPCs varied with the sample mass and can range 
between 5 – 15% for alphas and 20 – 35% for betas under 2π detection. GPCs also fail to 
provide good energy resolution, which would only be desirable in spectroscopy 
applications (i.e. identification of radionuclides). Despite the aforementioned 
disadvantages, proportional counters are very useful for high throughput screening when 
fast quantitative analyses are necessary. These counters are effective for measuring 
environmental level radioactivity for their ability to achieve low background levels. 
Additionally, the spillover between alpha and beta signals is low, allowing some pulse 
discrimination when necessary [Jobbagy et al., 2010]. 
Liquid Scintillation Counter 
 Liquid scintillation counting (LSC) is a detection system for quantification of 
radioactivity in an aqueous solution (scintillation cocktail) by conversion of alphas or betas 
into photons with wavelengths in the visible light range of the electromagnetic spectrum. 
The scintillation cocktail contains solvent and fluorophore materials, which facilitate the 
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necessary energy conversions. The visible light produced is captured and converted into 
electrical pulses by a photomultiplier tube.  
LSC is a highly effective system for the determination of gross radioactivity.  Alphas 
and high-energy betas (> 100 keV) can be determined simultaneously with high counting 
efficiencies of 100% and over 80%, respectively. An emulsifier in the liquid scintillation 
cocktail maintains even dispersion of the radioactive sample, providing excellent 
geometry and little self-absorption issues. Energy information outputs to a multichannel 
analyzer for ease of analysis [Sanchez-Cabeza et al., 1995]. The LSC’s ability to handle 
samples with high dissolved salts is a notable advantage over gas flow proportional and 
solid-scintillation counters (to which they have no capacity for performance). Zapata-
Garcia et al. (2009) evaluated gross activity within seawater and the effects of quench on 
the sample from the salt content (35 g L-1) using concentration by co-precipitation and 
detection by LSC. The study concluded that the effect of the salts present in the seawater 
was minimal and did not increase sample quench, inferring that discrimination 
performance was also not affected by salinity [Zapata-Garcia et al., 2009].  
Silicon Diode Semiconductor Detector 
Alpha spectroscopy is a technique for quantification of alpha particles and 
identification of its parent radionuclide using a silicon diode semiconductor detector 
[Knoll, 2010]. These detectors operate in a vacuum to enable them to detect alpha 
particles emitted from a source without degradation of the alpha particle energy. The 
alpha particles are transformed into electrical pulses which are amplified and shaped 
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prior to converting into a differentiated pulse height spectrum by a multichannel analyzer. 
The resultant spectrum is characteristic of the energy of the original alpha particle and 
can be used to identify the parent radionuclide [Boll et al, 1997].  
This technique is excellent for differentiation of alpha-emitters due to peak 
resolution of as high as 10 keV with a typical resolution of 25-30 keV [Knoll, 2010]. The 
detection efficiency is relatively poor (3 – 20%), but because of the inherently low 
background of less than one count per hour in carefully controlled systems, low minimum 
detection concentrations are achievable [Knoll, 2010]. The method has a high sensitivity 
for detecting alpha radionuclides. The ability to discriminate among different energy 
levels can be used for isotope specific measurements. If the alpha source is prepared in a 
proper way, there is no significant self-absorption in the alpha source itself [Knoll, 2010]. 
The modern version of the silicon diode semiconductor detector is the passivated 
implanted planar silicon (PIPS) detector. PIPS detectors employ implanted contacts 
(rather than surface barrier contacts) resulting in a more rugged and reliable detector. 
Detectors are available with depletion layer depths of 100 to 700 µm and active areas of 
25 to 5000 mm2. Some PIPS detectors also have the expanded capability to detect and 
discriminate alpha particles from beta particles. Canberra’s iSolo® detector is a gas-less 
and portable compact unit that utilizes a PIPS detector and is reported to have 
comparable detection efficiency as gas flow proportional counters [Canberra Analytical 
Instruments, 2012]. 
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Solid Scintillation Counting 
Solid scintillation counting uses the same principles as LSC but utilizes solid 
scintillators instead of a liquid scintillation cocktail. The detection efficiency for alpha 
particles in solid scintillation counting is lower than that of LSC and is dependent on the 
scintillator selected and the geometry of the scintillator.  Zinc sulfide (ZnS) and plastic 
scintillators are common materials that are utilized as solid scintillators and are excellent 
choices for alpha and beta particle detection, respectively [Knoll, 2010]. 
Silver-activated zinc sulfide (ZnS:Ag) crystals are available as a polycrystalline 
powder arranged in a thin layer as a coating or suspended within a layer of plastic 
scintillation material. The energy transfer to the scintillator results in the production of 
light with an intensity proportional to the energy imparted from the alpha particle at a 
wavelength characteristic of the scintillator material. The scintillator can be 
optically coupled to the PMT. The light pulses produced by the scintillation crystals are 
converted to electrical signals and then amplified by the PMT, which are then counted on 
a digital scaler/rate meter. This system can give efficiencies approaching 30 – 40% [Pujol 
et al., 2000].  
Scintillation thicknesses for ZnS:Ag are recommended for a range between 3.5 mg 
cm-2 and 25 mg cm-2 [Pujol et al. 2000].  The ZnS:Ag layer is not usable at thicknesses 
greater than 25 mg cm-2; at these thicknesses, the opacity of the crystal absorbs the light 
into the material and prevents any propagation to the PMT.  
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Phoswich Detector 
Multiple scintillators can be sandwiched together to enable the instrument to 
measure multiple types of radiation with a single instrument. A phoswich detector is 
divided into two or more parts. An inorganic scintillator layer, for example, can be used 
for alpha detection, while a polymer layer can be used for beta detection. ZnS:Ag coated 
on the surface of a plastic scintillator is the detector that simultaneous measures alpha 
and beta particles, shown in Figure 2.5. Seo et al. utilized an organic material of 2, 5-
diphenyloxazole (PPO) and 1, 4-bis, 5-phenyl (oxazolyl) benzene, (POPOP), as the fluors 
of the scintillators and polysulfone as the structure polymer. The ZnS:Ag crystalline layer 
was sprayed directly onto the polysulfone layer, minimizing materials, and optical losses 
[Seo et al., 2007].  
 
Figure 2.5 Illustration of the ZnS:Ag / plastic scintillator phoswich. 
  
Seo et al. (2007) developed a phoswich for simultaneous measurement of alpha 
and beta radionuclides. Pulse shape discrimination is the method for identifying the rise 
time of scintillation in each scintillator in a manner that is similar to what was discussed 
with liquid scintillation counting. Phoswich materials are moderately effective in the 
detection of alphas and betas in a single detector and are detailed in Table 2.4 [Seo et al., 
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2007, Yasuda et al., 2000].  Eljen Technologies produces a phoswich material containing 
ZnS:Ag on a plastic scintillation layer made thick enough to fully stop all common alpha 
particles while allowing many beta particles to pass into the plastic scintillator layer where 
detection can occur. Moderate detection efficiency is seen in 14C betas with this particular 
phoswich scintillator. The plastic scintillator component is kept thin in order to minimize 
gamma sensitivity, and the standard thickness in EJ-444 is 0.25mm [Eljen Technology, 
2012]. 
Table 2.4 displays examples of detection systems of gross alpha/beta counting and 
advantages of the methods for field utilization are suggested. The detection systems 
evaluated were gas flow proportional counting, alpha spectroscopy, and solid and liquid 
scintillation counting. The detection systems vary in efficiency, specificity, and sensitivity 
to alpha or beta particles. Research for a method that is practical in the field environment 
is desired, optimizing the advantages and disadvantages of both sample concentration 
and radiation detection. 
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Table 2.4 Detection Systems for Gross Alpha and Beta Counting 
Detector Advantages Disadvantages 
Efficiency 
(%) 
Background 
(cps) 
Gas Proportional  
[EPA, 2004] 
Counting 
Efficiency, Pulse 
Discrimination 
P-10 Fill Gas 
Consumable 
α = 19-21 
β =71-73 
α –0.017 
β – 0.45 
PIPS Detector  
[Boll, et al., 1997] 
Sensitivity,  
Low Background, 
Energy Resolution 
Low Efficiency α ≈ 12-15 α – 0.00005 
Solid Scintillators 
 [Suarez-Navarro,  
et al., 2002,  
Seo, et al. 2007] 
No Consumables,  
Phoswich Setup 
Moderate 
Counting 
Efficiencies 
α = 23-26 
β = 52.5 
α – 0.004 
β –0.17  
Liquid Scintillation 
 [Ruberu, et al., 
2008, Sanchez-
Cabeza, et al., 1995] 
High Counting 
Efficiency, Med 
Background 
LSC Cocktails/ 
Waste 
α ≥ 90 
β ≥ 90 
α – 1.95 
β -9.5 
  
2.5 Figure of Merit 
Figure of Merit (FOM) is a mathematical expression that accounts for detection 
efficiency and background noise and is used to optimize system performance. The desire 
of this study is to maximize the detection system’s efficiency and minimize its background 
signal. The highest optimization potential occurs at FOM’s peak value. Finding the 
optimum counting region of interest is an iterative process and an important first step in 
the characterization of a detection system. A standard solution/sample’s FOM value is 
determined by first counting it and determining its efficiency and spillover. The detector 
electronics for most detection systems have multiple adjustable parameters (e.g. applied 
voltage, amplifier gain, low-level discriminator), which are adjusted to eliminate 
electronic noise. These parameter optimizations are useful for reaching the optimum 
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counting conditions. In equation 1, ε is the counting efficiency in percent and B is the 
radiation background count rate in the units of counts per seconds. Maximizing the FOM 
can optimize the conditions for achieving the highest efficiency for a given background. 
Figure of Merit (FOM) =  
𝜀2
𝐵
        (Eq. 1) 
The optimization is achieved by adjusting the operating voltage for a given discriminator 
setting and the discriminator setting for a given operating voltage to find the optimal 
balance [Pujol et al., 2000]. Reducing the operating voltage of the PMT can decrease the 
background count rate, but may also reduce the counting efficiency. Calculating FOM with 
different radionuclides with unique energy profiles will facilitate optimizing detection 
parameters, thus allowing the detector to perform more efficiently with a given setup. 
2.6 Methods Summary 
Numerous detection methods exist in the laboratory for alpha and beta 
radionuclides; however, evaluations of several parameters are necessary to determine 
feasibility for field application. The following parameters are analyzed and used to 
determine the optimal method for the field environment: background count rate, 
counting efficiency, interferences, sample capacity, minimal detectable activity, count 
time, time demand of sample preparation, waste generation, and ease of use.  
Table 2.5 is a compilation of research that demonstrates different modes of 
analysis for gross alpha and beta emitter in aqueous samples. The compiled literature 
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search was used to compare the results of this research for validity and feasibility of the 
method. 
The current standard method for gross alpha and beta activity measurements is 
utilized by the Environmental Protection Agency (EPA), method 900.0. This method 
involves evaporating water to dryness and counting the residue deposited on a planchet 
with a gas-filled proportional detector [EPA, 2004]. Detailed instructions for the standard 
method are outlined in Appendix D. Several common gross quantification methods are 
compared to this standard, as shown in Table 2.5. 
 Table 2.5. Comparison of Gross Alpha/Beta Activity Determination Methods  
Concentration 
Method 
Detection 
System 
Isotope 
Studied 
Sample 
Volume 
(L) 
Counting 
Time 
(min) 
MDC 
(mBq L-1) 
Reference 
Evaporation 
Gas 
Proportional 
Counter 
234U/238U/ 
243Th/226Ra 
1.5 500 
α – 3.0 
β – 6.0 
EPA, 2004 
Solvent Extraction 
Liquid 
Scintillation 
Counting 
234U/ 238U 0.016 100 
α -6.7 
β – 30 
Gomez-
Escobar, 
et al., 1998 
Co-precipitation 
Solid 
Scintillators 
234U/238U/ 
243Th/226Ra 
0.5 300 
α - 1.9- 2.3 
β – ND 
Suarez-
Navarro et 
al., 2002 
Partial 
Evaporation 
Liquid 
Scintillation 
Counting 
40K/241Am/ 
90Sr/90Y 
0.1 400 
α – 130 
β – 1300 
Zapata-
Garcia, et al., 
2009 
Extraction 
Chromatographic 
Resin 
Liquid 
Scintillation 
Counting 
242Pu/ 233U/ 
241Am/226Ra 
0.1 240 
α - 40 
β – 40 
Burnett et 
al., 1997 
ND – Beta Value not determined or described. The alpha emitter was the only particle of 
interest in the study. 
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CHAPTER THREE 
RESEARCH OBJECTIVES AND TASKS 
3.1 Objectives and Goals 
The goal of this thesis research is to develop a field method for the detection of 
alpha and beta radionuclides in drinking water sources from surface and groundwater. 
The method will differ from other detection applications by focusing on the following 
parameters: durability and accessibility of materials and equipment, shelf life and storage 
of reagents, hazardous waste production, turnaround time, and repeatability. 
Under the specified conditions, the goal is the quantification of gross activity levels 
for comparison to specified activity concentration levels for risk assessment decision-
making. If measurements are below the World Health Organization (WHO) limits 
referenced earlier (500 mBq L-1 for gross alpha and 1,000 mBq L-1 for gross beta), the 
drinking water can be declared acceptable for human consumption without any further 
concern for the presence of radioactivity [Bartram and Gordon, 2006].  
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3.2 Research Tasks 
Task 1: Characterize the potential concentration techniques. This task 
encompasses the review of different concentration methods for radionuclides of interest 
from large sample volumes based on their chemical and material properties. The goal of 
this task is to determine which method concentrates alpha and beta radionuclides under 
specified constraints. The best concentration methods for alpha and beta radionuclides 
will be chosen based on yield and MDC. 
Task 2: Characterize the potential detection systems. The purpose of this task is to 
evaluate known detection systems to determine field measurement feasibility for 
detection of alpha and beta particles. The experimental results are compared to the 
standard method (EPA Method 900.0) or a comparable method, which characterizes the 
detection method based on efficiency, signal-to-noise ratio, and spillover. 
Task 3: Integrate the selected concentration and detection method. Once the 
concentration techniques and detection system have been selected, the goal is to 
optimize the two aspects of the method to achieve a reasonable MDC under the specified 
conditions. Adjusting the parameters of the concentration and detection methods, 
optimizing count time, and measuring varied sample volumes to maintain reasonable 
MDC within the desired range for gross alpha/beta testing of unknown samples is the 
focus during optimization.  The final field method is compared with the EPA Method 900.0 
for the accuracy of results for a variety of samples. 
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CHAPTER FOUR 
MATERIALS AND METHODS 
4.1 Experimental Plan 
The experimental method was comprised of two major components: sample 
concentration and sample detection. Both components are further broken down into 
different options. Among the different concentration techniques and detection systems, 
individual methods were chosen for investigation based on their advantages and field 
contraindications. The criteria that determine the optimal method are process time, 
counting efficiency, signal-to-noise ratio, equipment and materials requirements, and 
MDC. EPA Method 114 (1997) and DOE Radionuclides Method 3 (1998) provide the 
approved methods for gross radionuclide analysis. Ion exchange, co-precipitation, and 
extraction chromatographic resin were selected for this thesis as viable options for 
concentration techniques. Liquid and solid scintillation counters were selected as 
detection systems for comparison because they possess attributes that made them 
complicated to use and maintain in the desired scope of field implementation.  Solvent 
extraction, for example, requires organic materials that have storage and disposal issues, 
while a gas flow proportional counter utilizes a fill-gas for its operation, which makes 
continuous field use difficult. Many detection systems are very specialized, and 
radionuclide analysis may not be a regular function of these systems. Different 
combinations of concentration techniques and detection systems in this study were 
evaluated for the optimal method in a field scenario and compared to the current 
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laboratory standard method. Liquid scintillation counting requires the maintenance of 
many consumables, which was considered not suitable for the field environment.  Liquid 
scintillation was not selected for the method, but it was utilized in the early experiments 
of the study to determine activity recovered in the concentration methods.  
4.2 Reagents and samples 
All chemicals used were of analytical grade, and distilled de-ionized (DDI) water 
(18 MΩ- cm, Milli-Q2™ water purification system) was used in the preparation of the 
reagents. All solutions except for the depleted uranium sample were quantified with the 
Perkin-Elmer (Wallac) Quantulus 1220 Liquid Scintillation Counter, assuming 100% 
efficiency and 0.5% spillover.  Four spike standard solutions of varying concentration of 
alpha and beta radionuclides were prepared by diluting stock solutions with DDI water 
(adjusted to a pH of 2.0) and consisted of 241Am, 238Pu, 137Cs, 90Sr/90Y and 238U (depleted 
uranium) at concentrations of 60 ± 3.1 Bq mL-1, 5920 ± 17.2 Bq mL-1, 56.4 ± 2.1 Bq mL-1, 
92.8 ± 4.3 Bq mL-1 (total), and 68.7 ± 3.3 Bq mL-1, respectively. One item to note, the 
individual isotopes of depleted uranium were not quantified by LSC. The depleted 
uranium sample was assumed to have an isotropic mixture ratio by percent weight of 
0.0005% - U234, 0.25% - U235 and 99.75% - U238 [Voss, 2011]. The pH of the solution was 
the only factor influencing the oxidation state of the radionuclides.  
Research task one characterizes potential concentration methods. Co-
precipitation and extraction chromatographic resin are the viable options for 
concentration techniques. The yield of the Actinide Resin and co-precipitation process 
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were determined by liquid scintillation counting. Comparison of the post-concentration 
activity to the initial activity in solution determined each concentration method’s yield. 
The collected resin and precipitate become the calibration sources to construct efficiency 
data for the detection systems for research task two.   
All the samples utilized to characterize the concentration and detection methods 
were prepared in DDI water to eliminate the impact from metal ions in environmental 
samples. However, one environmental sample was included as an unknown sample. 
Approximately 4L of water was collected from Lake Hartwell near a campsite dock (34N 
31’29.96”, 82W 48’6.76”) and will be used as the environmental sample with unknown 
concentration of radionuclides. Water temperature was taken (17.2°C). Water was 
collected in 1 L bottles without headspace and acidified to a pH of 2.0 with HCl. This 
sample was used as a sample matrix to provide an environmental substrate in order to 
evaluate the field method’s ability to measure activity variances found in the environment 
such as dissolved solids. The expected gross activity was determined by liquid scintillation 
counting and will be evaluated by the standard and field method for comparison. 
4.3 Sample Concentration 
 Each technique used for gross alpha and beta radionuclide analysis concentration 
varied in the amount of preparation time, specificity, and yield efficiency. Each technique 
is presented to detail how they were utilized in the development of the field method. 
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Evaporation 
The EPA utilizes evaporation in the preparation and concentration of water 
samples for gross alpha and beta radionuclides to screen measurements. Special care was 
taken during this step to prevent the sample from reaching total dryness as it results in 
the baking of the solutes onto the heating vessel. The remaining solution was transferred 
to a planchet to prevent sample loss, and then evaporated to total dryness. The sample 
was flamed over a burner until dull red to reduce the amount of solids present and to 
convert the matrix to an oxide. The sample source was cooled, weighed, and counted for 
alpha and beta particles.  
Extraction of Metal Cations by MnO2 Co-precipitation 
Co-precipitation is an effective technique to scavenge and concentrate metal ions 
for a sample solution. In this study, multivalent metal ions were concentrated using 
KMnO4 and MnCl2 by adapting the method procedure of Kim et al. (2009). The technique 
begins with the addition of 200 μL of 0.2 M KMnO4 to the 500 mL sample volume. The pH 
was then adjusted to 9 using concentrated NaOH. Next, 300 μL of 0.2M MnCl2 was added 
to seed the precipitation, and the sample was stirred at a low speed (100 rpm) for one 
hour to facilitate uniform mixing. During the co-precipitation process, hydrogen ions are 
released, so it is necessary to ensure that the pH remains ≥ pH 9, by the introduction of 
additional concentrated NaOH as necessary. After one hour, stirring was halted, and the 
precipitate was allowed to settle overnight.  Figure 4.1 demonstrates the progression of 
MnO2 precipitate formation. The supernatant was suctioned off to reduce the volume. 
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Once the volume decreased below 100 mL, the sample was distributed evenly into two 
50 mL polypropylene centrifuge vials [VWR, International]. The samples were then 
centrifuged at 1500 rpm for 25 minutes, consistent with parameters derived from the 
procedures of Kim et al., (2009). The remaining supernatant was suctioned out of the 
tube, and the precipitate pellets of the two vials were combined with 3 mL of deionized 
water into one 15 mL vial. The solution was evaporated to dryness in 50 mm stainless 
steel planchet under a laboratory heat lamp.  The heat lamp was removed at the point of 
dryness to prevent sample loss, and final dryness was from the carry-over heat of the 
planchet. 
 
 
 
                   1.  2.  3.     4.       5. 
 
Figure 4.1. Progression of Manganese Dioxide (MnO2) Co-precipitation.  
1) Adding KMnO4. 2) Add MnCl2 and stir until uniformed throughout.  
3) Adjust pH to 9. 4) Precipitate will begin to aggregate. 5) Allow to settle. 
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Actinide Extraction with Actinide Resin 
Actinide Resin (Eichrom Technologies, Inc.), an extraction chromatographic resin, 
was employed because it is highly selective in the extraction actinide radionuclides, a 
major source of alpha-decay radionuclides. The technique begins by adding 0.1 g of 
Actinide Resin to 0.5 L water and is followed by acidification with HCl to a pH of 2 to 
condition the resin for optimal extraction. Recall in Figure 2.2 that greatest extraction was 
recorded when [HCl] = 10-2 (pH of 2) and k’ values were near their maximum. A magnetic 
stir bar was then placed in a beaker on a stir plate operating at a low speed (100 rpm). 
The Actinide Resin was allowed to stir in the solution for a minimum of four hours, but 
when possible was left overnight (totaling 18 hours) to achieve optimal mixing [Horwitz 
et. al., 1997]. A vacuum filtration apparatus and a 0.45 µm Millipore mixed cellulose filter 
were used in the second step. The resin on the filter and rinsed with 5 mL of deionized 
(DI) water and transferred to a 50 mm steel planchet where it was dried under a heat 
lamp (approximately 7.5 cm above the filter and planchet) in approximately 15 minutes.  
4.4. Detection Systems 
Currently, there are many different detection systems that may be utilized in gross 
alpha and beta radionuclide analysis. Each system has strengths such as high efficiency, 
ease of use, or good energy resolution. Each system also has weaknesses like 
susceptibility to self-absorption, requirements for laboratory consumables, or limitations 
in the detection of certain particles (alphas or betas). Many of the detection systems were 
previously discussed in detail pertaining to their role in the gross detection, and the 
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following sections will present which systems were utilized in the development of the 
field method. 
Passivated Implanted Planar Silicon (PIPS) Detector  
Semiconductor detectors are solid state devices that work essentially like 
ionizations chambers, utilizing electrons holes as charged particles compared to ions in 
ionization chambers. These detectors have several advantages to include high detection 
efficiency and superior energy resolution over a wide energy range. Canberra, Inc. 
manufactures a semiconductor detection system – iSolo® that utilizes a Passivated 
Implanted Planar Silicon (PIPS) Detector.  The iSolo®, PIPS-type detection system is gas-
less system and has shown to have comparable efficiency and pulse discrimination as gas 
flow proportional counters. The iSolo® detection system was utilized as a substitute for 
the gas flow proportional counter for the analysis of gross alpha- and beta- activity in 
water. The Environmental Protection Agency and the Department of Energy have 
authorized alternate detection systems in the gross alpha and beta method as long as 
efficiencies and pulse discrimination are comparable [EPA, 1997; DOE, 1998]. 
Measurements conducted on this instrument were conducted in accordance with the 
manufacturer’s instructions. Daily background as well alpha efficiency and beta efficiency 
were determined for the device and maximized for optimal sensitivity. Counting 
procedures were conducted with no additional masking of detector windows; detection 
was done with the default alpha and beta windows for pulse height discrimination.  
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 Calibration of the instrument was done with standards of 238Pu and 90Sr/90Y as the 
alpha emitter and beta emitter, respectively.  A known activity was added to a volume of 
deionized water and evaporated to concentrate the sample in accordance with EPA 
Method 900.0. Efficiency and spillover were calculated with the standards. Sample count 
times from 60 to 1000 minutes, depending on the expected activity. Screening 
measurement was conducted for 5 minutes to gauge sample and background count time. 
Samples at environmental levels are counted for 30000 seconds to provide good counting 
statistics. If the activity was abnormally high, the count time was adjusted accordingly. 
Liquid Scintillation Counter 
Liquid scintillation counting, with its high efficiency and sensitivity, was used to 
calibrate spiked samples. The ultra-low-background Quantulus 1220TM liquid scintillation 
spectrometer from Perkin Elmer has been used for these measurements. The Quantulus 
1220 has a pulse shape analyzer (PSA) to perform a simultaneous alpha/beta counting. 
The output spectra and data reports were made with the manufacturer’s software, WinQ. 
The calibration of the counter was performed through the evaluation of the 
optimum PSA threshold level, spillover, and counting efficiency. Standard solutions of 
241Am and 137Cs as alpha and beta emitters were used in the calibrations. The liquid 
scintillation cocktail used was Ultima Gold AB, supplied by Perkin Elmer. The scintillation 
to sample volume ratio was 1:19 prepared in 20 ml scintillation vials. The two samples 
were measured over a range of PSA values for 1 min counts. The optimal PSA value was 
determined where the amount of misclassified pulses, or spillover of both samples, were 
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approximately equal to the value of 0.5% between the alpha and beta regions. The count 
time was increased to 10 minutes to achieve satisfactory counting statistics. Results were 
compiled and recorded using WinQ software. Due to the spillover value being 0.5%, this 
value was considered negligible, and no addition spillover correction calculation was 
applied. 
Thermo Eberline E600 Detection System 
The measurements were carried out using a Thermo Eberline E600 detection unit 
with a modified SPA-1A PMT (Thermo Eberline, LLC, Santa Fe, NM). The modifications to 
the probe were the addition of scintillators and a removable enclosure cap to the PMT. A 
phoswich of ZnS:Ag, EJ-444 (Eljen Industries, Sweetwater, TX), 0.25mm thickness, and 
plastic scintillator, BC 400 (Saint Gobain, Hiram, OH), 0.5mm thickness, was situated on 
the PMT face with silicone optical grease. 
During the study, this setup with the detection unit and phoswich on the modified 
probe will be referred to as the Gross Alpha/ Beta Field setup for convenience. The 
maximum cathode to anode voltage for the PMT was 1200 V. The detector electronics 
consist of three parameters which are adjustable by the user with the software interface: 
the operating or bias voltage applied to the PMT, the βo window LLD that was used to 
eliminate the electronic noise and the αo window LLD delineates the beta and alpha 
windows. The signals can arise from the modified SPA-1A PMT or the Ludlum Pulser 
Model 500-2 whichever is connected to the Ludlum Modal 297 signal splitter.  In this 
setup, the Thermo Eberline E600 provides the high voltage to the modified SPA-1A PMT 
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or alternatively recorded by the Ludlum Pulser Model 500-2 unit. Finally, the output from 
the signal splitter is connected to an 8192 channel multichannel analyzer (Canberra Lynx).  
Acquired pulse height spectra were visualized and analyzed on a computer running the 
Canberra Genie 2000 software. The Thermo Eberline E-600 system displays results in 
count rate and does not have a spectrum display capability.  The box diagram setup is 
shown in Figure 4.2. 
 
Figure 4.2 Box diagram of Thermo Eberline E600 setup with Modified SPA-1A 
probe and Ludlum Pulser to Canberra Lynx MCA for spectral analysis 
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4.5 Activity and Concentration Calculations. 
Spillover Calculations 
Spillover is defined as the recording of pulses in the incorrect window, for 
example, alpha radiation pulses counted in the beta window. Spillover correction for the 
misclassified pulses was necessary to determine the actual activity. The spillover was 
determined by utilizing pure alpha and beta emitter standards and quantifying the 
amount of pulse misclassified. The probability that an alpha radiation was misclassified as 
a beta signal is represented by Xα, and likewise, Xβ is the probability that a beta radiation 
was misclassified as an alpha signal, as shown in Eq. 2 and 3. Unless otherwise indicated, 
counting uncertainty is given as 1-sigma error; error of all calculated value are reported 
as averages of the counting error of the individual samples.  
Xα =   
Counts observed in Beta Window 
while counting alpha source
Total counts of Alpha and Beta Windows
     (Eq. 2) 
Xβ =   
Counts observed in Alpha Window 
while counting beta source
Total counts of Alpha and Beta Windows
     (Eq. 3) 
 
The observed count rate of a sample in each window consists of the total counts 
with the background subtracted, the net counts and are a function of both alpha and beta 
pulses [L’Annunziata, 2003]. The relationship of the observed count rate can be defined 
as the observed count rate of each window (Ao) consists of the true count rate for the 
intended particle (AT), missing the quantity of alpha pulse falling in beta window (ATXα), 
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and gaining the quantity of beta pulse falling in the alpha window (BT Xβ). Eq 4 and 5 are 
shown as follows: 
Ao = AT – (ATXα) + (BTXα) - Bα     (Eq.4) 
Bo = BT – (BTXβ) + (ATXβ) - Bβ     (Eq.5) 
where: 
AT = True count rate due to alpha disintegrations, 
BT = True count rate due to beta disintegrations, 
AO = Observed count rate in alpha window,  
BO = Observed count rate in beta window,  
Bα = background count rate in the alpha window and  
Bβ = background count rate in the beta window, in the following equations.  
 
The final equations, Eq. 6 and 7 are derived from Eq. 4 and 5. The variables are 
rearranged and solved for the true count rate, which coincides with the methods 
presented in Multi-Agency Radiological Laboratory Analytical Protocols Manual as: [EPA - 
MARLAP, 2004] 
       (Eq. 6) 
     (Eq. 7) 
Concentration Determination 
Activity concentration can be calculated from the efficiency data and true count 
rates with equation 8.  
Activity concentration (Bq L-1) = (
𝑪𝑹
𝛆 ∙𝒀 ∙𝑺
)   (Eq. 8) 
CR = AT or BT (cps), ε = detection efficiency, Y = chemical yield, S = sample volume (L) 
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Detection efficiency is calculated as net count per sec observed in a region or window of 
interest divided by the total activity in Bq with the assumption of 100% emission fraction: 
ε =  
𝐍𝐞𝐭 𝐂𝐨𝐮𝐧𝐭𝐬 𝐑𝐚𝐭𝐞 𝐎𝐛𝐬𝐞𝐫𝐯𝐞𝐝 𝐢𝐧 𝐭𝐡𝐞 𝐰𝐢𝐧𝐝𝐨𝐰 𝐨𝐟 𝐢𝐧𝐭𝐞𝐫𝐞𝐬𝐭,
𝐞.𝐠.  𝐭𝐡𝐞 𝐚𝐥𝐩𝐡𝐚 𝐰𝐢𝐧𝐝𝐨𝐰,𝐨𝐫 𝐭𝐡𝐞 𝐭𝐨𝐭𝐚𝐥 𝐰𝐢𝐧𝐝𝐨𝐰 𝐢𝐧 𝐜𝐩𝐬
𝐂𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 𝐀𝐜𝐭𝐢𝐯𝐢𝐭𝐲 𝐨𝐟 𝐒𝐨𝐮𝐫𝐜𝐞 𝐢𝐧 𝐁𝐪
                  (Eq. 9) 
Yield is calculated as the amount of activity in Bq that is removed from solution by the 
concentration method divided by the activity in Bq to be in the starting solution: 
 
Y =  
𝐓𝐨𝐭𝐚𝐥 𝐀𝐜𝐭𝐢𝐯𝐢𝐭𝐲 𝐑𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝 𝐢𝐧 𝐁𝐪
𝐂𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 𝐀𝐜𝐭𝐢𝐯𝐢𝐭𝐲 𝐨𝐟 𝐒𝐨𝐮𝐫𝐜𝐞 𝐢𝐧 𝐁𝐪
                   (Eq. 10) 
Minimum Detectable Concentration 
The MDC is used for comparison and evaluation between different techniques and 
detection systems, uniquely where background count time is greater than sample count 
time [EPA - MARLAP, 2004, Strom and Stansbury, 1992]. 
.  
MDC (Bq L-1) =  
𝟐.𝟕𝟏+𝟑.𝟐𝟗 √(𝑪𝑹𝑩)(𝑻𝒔)(𝟏+ 
𝑻𝒔
𝑻𝑩
)
(𝑻𝒔)(𝜺)(𝒀)(𝑺)
                       (Eq. 11) 
CRB = Background count rate (cps), TS = sample count time (secs), TB = Background count 
time (secs), ε = detection efficiency, Y = chemical yield, S = sample volume (L). 
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CHAPTER FIVE 
 
RESULTS & DISCUSSION 
A new method was developed for the gross alpha and beta detection in water 
samples. The two-step method involves pre-concentration of the sample using an 
extraction chromatographic resin, followed by co-precipitation, and ending with a count 
of the pre-concentration products in the gross α/β field method of the Thermo Eberline 
E600 detection system with a modified SPA-1 probe fitted with a phoswich scintillator 
(Eljen EJ-444: ZnS:Ag on Plastic scintillator).  
The following sections serve as a guide through the development process.  The 
development of the procedures followed the research tasks presented in Chapter 3. Task 
one, co-precipitation and extraction chromatography, were evaluated for yield and 
specificity using representative alpha and beta radionuclides. Task two focused on the 
detection system where operating voltage, and the window lower and upper level 
discriminators were optimized. For this scheme, value determination of these parameters 
was done in order to maximize detection efficiency and minimize signal spillover. The 
extraction resin and precipitate mass were counted, and the observed count rates were 
each recorded.  The final component of task two consists of the final correction for 
spillover and calculation of the final gross alpha and beta activity concentrations. The final 
method is tested with varying concentrations of alpha- and beta-emitters in an aqueous 
solution. Table 5.1 displays a comparison of the laboratory parameters among the EPA 
method 900.0, Modified EPA method 900.0, and the Field Method. 
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Table 5.1 Method Parameters Comparison 
Overall Laboratory Method EPA method 900.0 
EPA method 900.0 
(Modified) 
Field Method 
Concentration Method Evaporation Evaporation 
Actinide Resin,        
Co-Precipitation 
Detection Method 
Gas Proportional 
Counter 
iSolo® 
(PIPS Counter) 
 ZnS/Plastic Scint,             
Thermo Eberline E600 
detector 
Sample Volume (L) 1.5 0.5 0.5 
Concentration Yields (%) ≈ 100 ≈ 100 ≈ 98 (α) / ≈ 98 (β) 
Concentration Time (mins) ≥60 ≥20 ≈5 
Background Count Time (sec) 60000 30000 30000 
Sample Count Time (sec) 30000 600 1200 
Detection Efficiency (%) 
≈ 9-11 (α)1  
 ≈ 30-32 (β)1 
≈ 22 (α) / ≈ 23(β) ≈ 11 (α) / ≈ 18.5 (β) 
Background Count 
Rate (cps) 
0.017 (α) / 0.45 (β) 0.011 (α) / 0.31 (β) 0.022 (α) / 0.44 (β) 
Spillover2 (%) NE ≈ 10 (α) / ≈ 0.5 (β) ≈ 13.7 (α) / ≈ 0.54 (β) 
Minimum Detectable  
Concentration (mBq L-1) 
3.0 (α) / 6.0 (β) 
169.6 (α) / 684.1 
(β) 
308.4 (α) / 730.2 (β) 
 NE - Not Evaluated.     
 1 - Note: EPA method 900.0 had reported 2π, and the data were converted to 4π for comparison.  
 2 - Spillover notation = (α) denotes alpha to beta spillover (β) denotes beta to alpha spillover 
 
5.1 Concentration 
Extraction chromatographic resin and co-precipitation were chosen as the 
techniques for concentrating the radionuclides of interest in the water samples. These 
methods were selected together because they were complementary, simple to use, 
required few materials, and minimal waste production. The selectivity of the resin and 
the ability of co-precipitation to scavenge a range of multivalent ions are complementary 
capabilities to concentrate radionuclides efficiently.  
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Each concentration technique detailed in chapter four was individually evaluated 
for its ability to remove radioactivity from the sample solution. Both concentration 
techniques were performed using 10 ml and 500 ml sample volumes. The final standard 
volume is 500ml and all of the detection experiments are conducted in this volume.  The 
total activity of the sample is determined by decay correcting the manufacturer’s listed 
activity to the date of the experiment. 
Figure 5.1 illustrates the yield and detection efficiency as a function of the mass 
of actinide resin used in the extraction chromatographic procedure. The yield was 
determined via liquid scintillation counting of the effluent produced during the resin 
evaluation.  The efficiency data is derived utilizing the Field Method with Thermo Eberline 
E600 and modified PMT probe. The optimum mass was determined to be 100 mg of 
actinide resin and is indicated by the dashed line in Figure 5.1.   At this value, the mass is 
at its maximum as the detection efficiency of the alpha radionuclide begins to plateau or 
begins to decrease. 
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Figure 5.1 Yield and detection efficiency of 90Sr/90Y, and 238Pu as a function of versus 
Actinide Resin mass. The detection efficiency is 4π in configuration. Counting statistics 
uncertainty is smaller than the data markers.   
Data showing the yield from resin extraction for each of the radionuclides studied 
is shown in Table 5.2. The yield was ≥ 99 % for both 238Pu and 241Am. The yield was 51.6 ± 
2.3% for 90Sr/90Y on the Actinide Resin with the assumption that 90Sr/90Y are in secular 
equilibrium. The yield reached 50% of the expected value and is consistent with literature 
that found extraction was only successful with 90Sr while 90Y remained in the solution. 
Dietz and Horwitz, (2000), performed a study of extractants in the development of 
radionuclide generator for nuclear medicine. The study showed that H2DEH(MDP), the 
main extractant with the Actinide Resin, had a higher affinity for 90Sr by a factor of 1,000 
times higher compared to 90Y and facilitated in the effective separation of the parent 
radionuclide from its daughter product. The data in Table 5.2 details the effective 
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extraction of 90Sr from the sample solution at the time of detection.  The yield would 
appear high if longer wait times were allowed. The presence of due to ingrowth from 90Sr 
decay would be the cause and not from the resin extracting 90Y from the solution. 
Table 5.2 Actinide Resin Extraction Chromatography Evaluation 
Radionuclide 
(Particle Evaluated) 
Expected 
Activity 
Concentration 
(Bq L-1) 
Measured 
Activity 
Concentration 
(Bq L-1) 
Yield 
(%) 
241Am  (α) 6.11 ± 0.35 6.09 ± 0.84 99.5 ± 2.0 
238Pu  (α) 11.40 ± 0.65 11.36 ± 0.03 99.7 ± 1.7 
137Cs  (β) 2.41 ± 0.14 0.33 ± 0.06 0.14 ± 0.05 
90Sr/90Y  (β) 4.40 ± 0.19 2.27 ± 0.01 51.6 ± 2.31 
           1 - Note: Based on the literature, the yield is 90Sr recovered only with slight 90Y 
ingrowth. The final activity was not decay corrected for its value.  
Figure 5.2 is a graph of yield and detection efficiency as a function of the 
precipitate mass from a 50 ml DDI water solution. MnO2 co-precipitation process is 
efficient at drawing metal ions out of solutions. The co-precipitation experiment was done 
to observe the precipitate formation and radionuclide recovery. Due to the possible 
variation of the precipitate mass, the appropriate proportion of the components 
(potassium permanganate and manganese (II) chloride) must be derived to achieve 
maximum yield and minimize precipitate mass. The masses of the precipitate were 
derived stoichiometrically and graphed across the x-axis. The inclusion of the detection 
efficiency in Figure 5.2 serves to illustrate how the sample mass affected detection 
efficiency.  
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Figure 5.2 - Yield and detection efficiency of 90Sr/90Y and 238Pu versus MnO2 
precipitate. Counting statistics uncertainty is smaller than the data markers.   
 
Yield and detection efficiency measurements were conducted on the MnO2 co-
precipitation process. The yield was quantified by liquid scintillation counting as done 
with the resin. The co-precipitation process was very effective in recovering the 
multivalent ions, 239Pu, 241Am, and 90Sr/90Y as evidenced by the 89.0 ± 0.39% of recovery 
in Table 5.3. Cesium-137 remained soluble and did not precipitate out of the sample 
solution because it does not adsorb to inorganic solids (e.g. MnO2) and fails to form the 
chemical bonds during the co-precipitation process [Tranter et al., 2000]. Cesium-137 
does have some absorptive qualities to certain substances in the environment. Substances 
such as clays can function as ion exchangers and have been shown to remove 137Cs from 
aqueous solutions by exchanging with K+ or NH4+ in the substrate [Atun, 2003]. Many 
dissolved ions commonly found in environmental samples (e.g.  calcium and iron) can also 
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come out of solution and contribute to the overall mass of the precipitate. These 
interfering ions will add to the final precipitate mass and the self-absorption of the 
radioactivity. Poor yield for 137Cs was seen in both actinide resin and MnO2 co-
precipitation.  
Table 5.3 Manganese Dioxide Co-precipitation Evaluation 
Radionuclide 
(Particle  
Evaluated) 
Expected Activity 
Concentration 
(Bq L-1) 
Measured Activity 
Concentration 
(Bq L-1) 
Yield 
 (%) 
241Am (α) 6.20 ± 0.35 5.51 ± 0.08 89.0 ± 1.5 
238Pu (α) 11.40 ± 0.65 11.38 ± 0.04 98.9 ± 1.7 
137Cs (β) 2.45 ± 0.14 0.05 ± 0.003 2.2 ± 0.01 
90Sr/90Y (β) 4.55 ± 0.26 4.19 ± 0.01 93.2 ± 1.6 
Montana, et al., (2012) observed a more drastic decline in detection efficiency 
with smaller precipitate masses. The mass-to-surface area ratios of the experiment were 
comparable to ratios found in the Montana, et al., (2012) study and the efficiencies were 
within the same order of magnitude. Figure 5.2 shows that alpha efficiency is substantially 
affected by precipitate mass size. Self-absorption is clearly demonstrated by the rise and 
fall in efficiency with a definitive peak. This substantial impact on efficiency justifies 
positioning the resin concentration step before the co-precipitation step. The resin’s 
affinity for actinides ensures that alpha detection is not masked by self-absorption which 
would occur if co-precipitation preceded resin concentration.  
Table 5.4 below displays the abilities of the Actinide Resin and MnO2 co-
precipitation to effectively remove metal ions from a 500 ml solution containing 
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radionuclides spiked into DDI water. The resin and precipitate evaluation were done 
separately with five samples each containing a combination of alpha and beta 
radionuclides. Comparing the 500 ml to the 10 ml sample volumes, there was a slight 
reduction in the yield by the Actinide Resin for 238Pu despite achieving a high yield of 92.5 
± 0.8%.  The increase in sample volume would provide a reduced probability of interaction 
between the contaminants and the resin. A lower 90Sr/90Y yield of 38.5% is seen with the 
resin versus 51% in the small-scale setup.  The lower than expected value shows that the 
resin is more efficient in recovery of actinides and would require longer contact time to 
make up the difference. Recall that the extractant in the resin, H2DEH(MDP), was shown 
to have poor efficiency in the recovery of 90Sr compared to that of the actinides [Dietz 
and Horwitz, 2000]. The co-precipitation concentration method was very effective in ion 
recovery, however, and did not discriminate between actinides and non-actinides. The 
MnO2 co-precipitation method is complementary to the resin method and its associated 
versatility in measuring a select group of radionuclide for total gross recovery. 
Table 5.4 Large Volume (500 mL) Yield of Actinide Resin and MnO2 Precipitate 
Radionuclide 
(Particle 
Type) 
Resin/ 
Precipitate 
Total 
Number 
of 
Samples 
Average 
Expected 
Activity 
Concentration 
(Bq L-1) 
Average 
Measured 
Activity 
Concentration 
 (Bq L-1) 
 
Yield 
(%) 
 
238Pu (α) Actinide Resin 5 239.1 ± 3.9 221.4 ± 1.1 92.5 ± 0.8 
238Pu (α) 
MnO2 
Precipitate 
5 237.7 ± 3.9 234.8 ± 1.2 98.8 ± 0.8 
90Sr/90Y (β) Actinide Resin 5 299.4 ± 4.3 115.2 ± 1.1 38.5 ± 0.7 
90Sr/90Y (β) 
MnO2 
Precipitate 
5 300.6 ± 4.3 297.8 ± 1.3 99.1 ± 0.9 
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5.2 Detection systems 
The purpose of this task is to evaluate known detection systems to determine 
feasibility as a device for detecting alpha and beta radionuclides in the field. Of all the 
commercial detection systems reviewed, the phoswich detector (ZnS:Ag/plastic 
scintillator) coupled with the Thermo Eberline E600 detection unit (Thermo Eberline 
Instruments Corp.) was thought to be the most promising given the constraints presented 
in the field environment. This equipment has the additional benefit of alpha/beta 
discrimination, ease of use, portability, and robustness coupled with a reasonable 
minimum detectable activity and detection efficiency. A modification was made to 
Thermo Eberline E600 accessory probe/PMT, SPA-1A in order to use the phoswich 
scintillator. With the phoswich modification, the Thermo Eberline E600 technical 
parameters for the modified probe were determined, adapted, and optimized for 
efficiency, signal-to-noise ratio, and sensitivity. The optimization process requires 
evaluating a series of settings and parameters such as operating voltage and the βo and 
αo window. Figure 5.3 lists the parameters and the order that they should be evaluated 
to complete the task. 
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Figure 5.3 Parameters and settings optimization for evaluating the 
Thermo Eberline E600 detection system 
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Operating Voltage 
The first step in evaluating the gross α/β field method was determining the 
operating voltage of the system. Since the probe was modified, default parameters are 
not sufficient, and new parameters will have to be determined. Figure 5.4 highlights the 
initial step to optimizing the parameters.  Detection efficiency was determined for each 
radionuclide used in this study, 137Cs, 90Sr/90Y, 238Pu, and 241Am.  
 
Figure 5.4 Initial steps for parameters and settings optimization  
 
Figure 5.5 is a graph of the detection efficiencies of four spiked standards (10 ml 
volume), as a function of operating voltage, ranging 300 to 800 VDC. Pulse height spectra 
for the alpha and beta radionuclides were recorded from sources concentrated by 
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evaporation to remove the influence of the sample media, resin or precipitate.  While 
evaporated sources were used to determine the operating voltage, the spectra of the 
resin and precipitate samples will produce similar pulse distributions at the same voltage. 
 
Figure 5.5 Detection efficiencies for 137Cs, 90Sr/90Y, 238Pu, and 241Am on the 
Thermo Eberline E600. Counting statistics uncertainty is smaller than the data 
markers. Dotted line depicts the optimal operating voltage, 586 VDC.  
 
As depicted in Figure 5.5, the efficiency of beta particles plateaus in the operating 
voltage range of 375 – 750 VDC and subsequently increases. This is contrasted with alpha 
particle efficiency rise at 450 VDC and crest at 590 VDC. The spectra of the different 
particles demonstrate no defined peaks, rather a distribution of the pulse heights. As the 
operating voltage increases, the pulse height will increase. This increase in voltage also 
increases the pulse height of the background thus impacting the background count rate. 
The initial determination of the operating voltage was the lowest operating voltage value 
that would have reasonable detection efficiencies for most alpha and beta radionuclides.  
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The chosen voltage is the optimal voltage where beta efficiencies are consistent and alpha 
efficiencies have reached their maximum value. It is imperative that the operating voltage 
be the initial starting point for establishing the remaining parameters. The dotted line in 
Figure 5.5 depicts the 586 VDC operating voltage and serves to represent the optimal 
operating voltage for the field method. 
Figure 5.5 showed that 90Sr/90Y had a lower detection efficiency than 137Cs. The 
lower efficiency may be a factor of the greater energy of penetrating beta particles 
traversing through the scintillation materials without interaction and thus inhibiting 
detection. Increasing the thickness of the plastic scintillator would remedy this issue but 
the present thickness of the plastic scintillator was chosen to achieve a lower background. 
Lower backgrounds are ideal to produce a lower MDC for the detection system. 
Alpha and Beta Windows 
As the operating voltage parameter is established, a final determination of the 
gross activity, whether derived by alpha or beta particles, must be identified. Thermo 
Eberline E600 detection system is capable of utilizing pulse height analysis to set the 
voltage window to reduce pulse interference from background and noise. The voltage 
window is comprised of a Lower Level Discriminator (LLD) and an Upper Level 
Discriminator (ULD). The LLD only passes voltages pulses which are higher than its setting 
and an ULD only passes voltage pulses which are lower than its setting. The LLD of the 
beta (βo) window marks the region where the majority of background counts cease. The 
value of ULD for the βo window coincides with the alpha window LLD. The dotted lines in 
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the following figures are the window level discriminator voltages that establish the 
background region, βo window, and αo window. The Thermo Eberline E600 detection unit 
has three channels display. Each window is configured with a LLD and ULD for each 
window, allowing different channels to be set for the αo and βo windows. 
Figure 5.6a and 5.6b are pulse height spectra of background and the percentage 
of total counts as a function of pulse height voltage performed for a 30,000 second count 
time. Figure 5.6a shows that majority of the background counts resides within the first 2 
mV of the pulse height voltage scale, with the highest counts appearing around 1 mV.  The 
second plot within Figure 5.6b is a close-up graph of the background spectrum and a 
percentage of total counts as a function of the pulse height voltage. The rapid increase in 
the percentage of total counts is consistent with the large peak in the spectrum which 
represented electronic noise. The desire for the βo window LLD is a pulse height where 
the majority of the background counts can be excluded. The final βo window LLD is 1.46 
mV. 
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(a)        
(b)  
Figure 5.6 (a) Pulse height spectrum of background and the associated 
percentage of total counts as a function of pulse height voltage. (b) Close-Up 
spectrum. Count time was 30000 seconds. 
Figure 5.7 is a pulse height spectrum of the net counts of the beta-emitting 
radionuclide (137Cs) as a function of pulse height voltage. The majority of the counts reside 
in the βo window with the ULD for the βo window at 21.2 mV. The detection efficiency 
within the βo window is 18.4 ± 0.98% and a minimal spillover value of 0.54 ± 0.14%. This 
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is in contrast to the pulse height spectrum of the alpha-emitting radionuclide (238Pu) 
illustrated in Figure 5.8. The spectrum of 238Pu spans the length of the detection window 
while reaching voltages as high as 230 mV. The detection efficiency within the αo window 
was 9.1 ± 0.05% with a spillover value of13.7 ± 0.11%.  
 
Figure 5.7 Pulse height spectrum of net counts of 137Cs. Count time was 
30,000 seconds.  
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Figure 5.8 Pulse height spectrum of net counts of 238Pu. Count time was 
30000 seconds. 
Figure 5.9 combines the 137Cs and 238Pu spectra onto one plot illustrating the 
distribution of pulses any associated dependence on particle emission. The plot is a close-
up view of the 0 – 30 mV region to layout a better view of the count distribution with 
respects to the window configuration. The beta pulse distribution resides primarily in the 
βo window with minimal spillover, but the alpha pulses span the full voltage scale and a 
significant fraction of the alpha pulses fall within the βo window (as discussed with Figure 
5.8). This alpha spillover into the βo window will be accounted for with the spillover 
correction equation.  
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Figure 5.9 Spectra of net counts for 137Cs and 238Pu as a function of pulse height 
voltage.  
 
Table 5.5 documents a comparison of detection efficiencies and spillover with 
respect to the appropriate windows. The background count rates were averages of 
multiple background count sessions with necessary counting uncertainty statistics.  These 
values are utilized for the spillover correction. 
Table 5.5 Efficiency by Window and Spillover for 137Cs and 238Pu 
 
Background Count Rate 
(cps) 
βo Window 
Efficiency  
(%) 
αo Window  
Efficiency 
(%) 
Spillover 
(%) 
 βo αo    
137Cs 0.4 ± 0.003  0.02± 0.0009  18.4 ± 0.3 0.1 ± 0.002 0.54 ± 0.29 
238Pu 0.4 ± 0.003 0.02± 0.0009 1.5 ± 0.35 9.5 ± 0.05 13.6 ± 1.7 
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Spillover Figure of Merit (FOM) 
Signal pulses from both alpha and beta radionuclides are a distribution that occurs 
throughout the pulse voltage scale. These overlapping distributions can complicate 
discrimination between alpha and beta radionuclides pulses. Alpha spillover is defined as 
alpha pulses falling into the βo window and contributing to the  pulse count. Beta 
spillover can also be defined in the same manner as beta pulses detected in the αo window 
and contributing to the alpha pulse count.  Spillover between the two windows is a 
function by the operating voltage and the LLD/ULD of the windows.   
Operation voltages influence the amount of spillover that occurs. The placement 
of the LLD and ULD determines the size of the αo and βo windows and will therefore affect 
the pulse spillover and detection efficiency. Increasing the operating voltage causes larger 
signal pulse distributions, which shifts the spectra to higher voltages. Increasing the 
operating voltage can have the benefit of moving a higher percentage of alpha pulses 
further into the αo window, decreasing βo window spillover.  Increasing the operating 
voltage can also have the detrimental effect of pushing beta pulses past the ULD and 
increasing αo window spillover. An optimal operating voltage is based on a foundation of 
maximum efficiency, minimum background count rate, and minimum spillover of the 
measured particles. 
The figure of merit (FOM) is a mathematical expression that accounts for 
detection efficiency and background noise and is used to optimize system performance. 
The highest optimization potential occurs at the peak value for FOM. Finding the optimum 
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counting region of interest is an iterative process and a necessary first step in the 
characterization of a detection system. 
Figure 5.10 graphs the 137Cs FOM and detection efficiency alongside β spillover as 
a function of the operating voltage for the Thermo Eberline E600 detection system. The 
optimal voltage according to the FOM is 586 ± 10 VDC and can also be seen in the figure. 
At very low operating voltages, beta particle detection is not apparent. At high operating 
voltages beta pulse distribution will migrate into the αo window causing high spillover. 
The established operating voltage of 586 VDC is an optimal voltage for beta particles with 
a high FOM, maximum efficiency, and minimal spillover. 
 
Figure 5.10 Figure of Merit, detection efficiency and spillover for 137Cs 
as a function of operating voltage. FOM was normalized to its maximum 
value of 9.1. 
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Figure 5.11 is a graph of 238Pu FOM, detection efficiency, and α spillover as a 
function of operating voltage for the fixed αo window.  The FOM for alpha particles 
suggests that optimum operating voltage should be set at the lower end of the voltage 
scale where the detection efficiency increases dramatically. The ZnS:Ag scintillator is very 
efficient in detecting alpha particles. As a result, detection occurs quickly at lower voltage 
ranges, with no beta detection until surpassing 400 VDC.  The FOM for alpha particle 
detection is the greatest at 480 VDC, where the balance of high efficiency and a low 
background is achieved. When this voltage is assessed on the spectrum for beta particles 
(Figure 5.10), the figure of merit, detection efficiency, and spillover are very low. Unless 
gross beta detection is of no concern, these factors are still an issue. If alpha particles 
were the only particle of interest, then small spillover would be negligible. Optimizing the 
channel setting for alpha detection only will be discussed in the final optimization of the 
method. 
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Figure 5.11 Figure of Merit, detection efficiency and spillover for 238Pu as a 
function of operating voltage. FOM was normalized to its maximum value of 
7.0.   
Alpha detection efficiency is at its maximum and spillover at a minimum at an 
operating voltage of 700 VDC. FOM is not optimal for alpha particles at this higher 
operating voltage due to greater background counts.  Spillover at this voltage from beta 
particles would increase and be additional parameter requiring consideration. When 
simultaneous detection of gross alpha and beta particles is desired, the optimal operating 
voltage is located where that beta spillover was minimized. The value within the alpha 
channel will be predominately the detection of the alpha radionuclide.  This is achieved 
at the established operating voltage of 586 VDC. The operating voltage is set the same for 
both alpha and beta windows in order to simplify the process and maintain consistent 
spillover percentages. 
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Post processing the data through the spillover calculation is necessary, especially 
with significant spillover.  The raw data could overestimate or underestimate depending 
on the count rate ratio between the windows. Second, the spillover of one of the particle 
types, such as the beta spillover, can be minimized with the optimization of the βo window 
with adjustments to the ULD. This final adjustment will results in proper classification of 
the majority of the beta pulses within the βo window and only the alpha spillover will have 
to be corrected. 
In addition, within Figure 5.11, there is an upturn of the detection efficiency and 
spillover at the higher voltages greater than 700 mV. Due to the self-absorption of the 
sample matrix, some of the particles have less energy than when first emitted. As a result, 
the pulse height spectrum displays a continuum of pulses throughout the voltage scale, 
most falling in the αo window and some attenuated particles counted in the βo window.  
This tailing of the αo window pulses is a result of a larger number of pulses in the βo 
window beginning to migrate fully in the αo window as the operating voltage is increases.  
Furthermore, It was determined that a small contribution of the pulses in the o 
window of the alpha spillover might be secondary peaks of high energy pulses.  This 
explains the high spillover data at higher operating voltages during the figure of merit 
discussion.  The secondary peaks are not seen at the lower voltages because they are 
discriminated out by, the LLD voltage.  So when the voltage goes up, the peaks migrate 
past the level discriminator and are counted.  Adjustment to the LLD will help mitigate 
the detection of the secondary pulse. 
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Figure 5.12 is a graph of counts as a function of pulse height voltage with pulse 
signal provided by a Ludlum pulser - Model 500-2 that will be used to illustrate the issue 
seen in Figure 5.11 regarding the upturn in the detection efficiency. The pulser provided 
set voltage pulse and was viewed on the MCA. Figure 5.12, the operating voltage was set 
at 750 VDC. It shows the formation of the peaks in the lower voltage range when the main 
distribution of the pulses is a push to the upper range; this causes a doubling in the total 
counts when the lower pulse exceeds the LLD.  This is an artifact of the proposed method 
and is not normally present in radiation detection process.  It is clearly visible that a 
properly selected LLD will remove the influence of the secondary peaks. 
 
Figure 5.12 Spectrum with Ludlum Pulser - operating voltage is set to 750 VDC. 
 
Final optimization includes an additional channel for counting where the setting 
favor alpha only detection. The voltage was set where maximum alpha count rate will 
occur with minimal beta signals being registered. From the evaluation of the FOM data, 
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Eberline E600 system, can be utilized as an alpha only detection setting.  It comprised 
setting the operating voltage of that setup to be in the range where the FOM was at its 
maximum. In addition, the alpha radionuclide detection window range will now occupy 
the entire voltage scale from 0 –230 mV. Table 5.7 shows the parameters, detection 
efficiencies and MDC of the two window setup with regards to alpha detection. It is 
noted that the detection efficiency encompasses total alpha detection and not window 
specific. Overall, significant improvements were not seen with the full window setup. It 
should be only utilized when only alpha activity is expected. It is just an additional 
option for gross alpha detection after the original procedure has been completed for 
comparison. Moreover, this option does not require spillover correction since the full 
voltage scale is utilized. The MDC for this third channel setup will be 251. 2 mBq L-1 
compared to 308.4 mBq L-1 of the original Alpha window setup.  This is an 18.5 % 
decrease in MDC and allows for more sensitivity of detection when concentrations of 
activity are very low. 
Table 5.6 Parameters of Window Setups for Alpha Detection 
Window Setup 
Window 
LLD  
Operating 
Voltage 
Background 
(cps) 
Detection 
Efficiency 
(%) 
MDC  
 (mBq L-1) 
Full Window 1.40 mV 400 VDC 0.005 ± 0.004 7.4 ± 0.1 251.2 
Alpha Window 21.2 mV 586 VDC 0.022 ± 0.004 11.0 ± 0.1 308.4 
Note: ULD for the both setups were set to 230 mV. Background count rate was 
determined for a 30000 second count.  MDC was calculated for a 1200 second 
sample count time. 
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5.3 Final Method Integration  
Once the concentration and detection methods were selected, the goal was to 
optimize the overall method to achieve reasonable MDC under the specified conditions 
discussed in Chapter 1. This is accomplished by adjusting the parameters of the 
concentration and detection methods. The final field method procedure, as developed, is 
outlined and in Figure 5.13.  
 
Figure 5.13 Summary flowchart of final field method 
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1. Acidify 500 ml of sample to pH 2 with concentrated HCl. 
2. Add 0.2 g of Actinide resin.  Stir on a magnetic stir plate at low speed (≈100 
rpm). Contact time: minimum = 4 hours, optimal = 18 hours. 
3. Filter solution removing resin on 0.45 µm Millipore filter; wash with 5 ml of 
DDI water.   
4. Collect and measure the volume of effluent.  
5. Transfer filter paper with resin to a 50 mm steel planchet. 
6. Evaporate to dryness by a heat lamp (7.5 cm above resin) to dryness. 
7. Add 200 µl of 0.2 M KMnO2 to collected effluent; stir until uniform. 
8. Adjust to pH 9 with concentrated NaOH, and stir. Add 300 µl of 0.2 M MnCl2 
to seed the precipitate. 
9.  Stir for 1 hour and stop mixing to allow settling overnight. 
10.  Suction supernatant being careful not to disturb settled precipitate.  
11. Reduce volume to 50 ml and transfer to centrifuge vial and centrifuge 25 
minutes and low rpm (1500 rpm). 
12. Collect precipitate pellet and distribute onto steel planchet as a thin layer 
with 2 ml of DDI water. Dry the precipitate with heat lamp setting 7.5 cm 
above sample. 
13. Count resin and precipitate samples separately with Thermo Eberline E600 
with Modified Probe. Full counting procedure can be found in Appendix B, 
and supplementary SPA-1A Probe calibration is in Appendix C. 
14. Conduct spillover calculation and activity concentration determination with 
Equations 2 – 9.  
15. Sum alpha activities of the resin and precipitate and repeat for beta 
activities. 
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Radiation pulses can be detected but misclassified within the region that it was 
recorded. Post-processing the data through the spillover calculation is necessary. The raw 
data could overestimate or underestimate depending on the count rate ratio between 
the windows.  
Figure 5.14 and Figure 5.15 are charts of the results of the Modified EPA Method, 
and the Field Method of several samples, four of the samples consist of a combination of 
radionuclides, 238Pu (α) and 90S/90Y (β), in a DDI solution, one DDI sample containing 
depleted uranium, and last an unknown environmental water sample.  With the modified 
EPA method, there is minimal spillover in comparison, and the activity concentrations, 
prior to and after the spillover correction, are within the uncertainty range of each other. 
This is observed in the beta charts in Figure 5.14. However, the alpha spillover is 
considerable when compared to the beta spillover for the field method alpha pulses are 
recorded within the beta detection region and overestimated as beta activity.  
In Figure 5.15, alpha spillover is evident in the activity concentration prior to 
spillover correction. The detected beta activity concentration values are much greater 
than expected activity concentration prior to spillover correction.  Spillover correction in 
the Field Method is necessary to address the overestimated detection activity.  
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Figure 5.14 –Comparison of expected activity concentration with measured 
activity concentration prior to and after spillover correction for the modified 
EPA method.   Counting statistic uncertainty is not visible due to the 
logarithmic axis.   
 
Figure 5.15 –Comparison of expected activity concentration with measured 
activity concentration prior to and after spillover correction for the Field 
Method. Counting statistic uncertainty is not visible due to the logarithmic axis.   
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5.4 FINAL METHOD DISCUSSION 
The final field method provides acceptable results for the purpose of the risk 
assessment and preliminary screening prior to more involved laboratory evaluations. 
When compared to the modified EPA method, the field method was equally effective in 
determining the activity concentration of the varied samples across the three orders of 
magnitude. The two methods are shown in Figure 5.16 to compare measured activity 
concentration versus the expected activity concentration on a log-log scale. Table 5.7 and 
5.8 are the results of the Modified EPA and Field Method with a varied set of the samples.  
The results displayed in the tables are the average and standard deviations of multiple 
samples of each type.  It is important to note that the measured activity concentrations 
are displayed before and after applying spillover correction.  
The measured activity concentrations prior to spillover correction of the Field 
Method are generally within 33% of the expected concentrations. The greatest disparity 
was seen in the high beta-to-alpha activity concentration sample, with an average 
difference in the detection of 31.5% and 23.8% from the expected activity concentration 
and the compared modified standard method, respectively. The measured activity 
concentrations prior to spillover correction were overestimated by 87.8% and 106% for 
alpha and beta, respectively. The spillover correction reduced that difference by 29.9% 
and 54.9% for alpha and beta, respectively.  Overall, the measured activity concentration 
after spillover correction was within the statistical variation of the correction calculation 
across all sample types.  
 73 
 
 
Figure 5.16 –Comparison of the Modified EPA Method and Field Method with regard 
to measured activity concentration. Line dividing shaded, and non-shaded area 
depicts values where measure and expected concentration were equal. Counting 
statistics uncertainty is smaller than the data markers. 
 
 
Source
Expected Alpha 
Activity 
Concentration 
(Bq L-1)
Expected  Beta 
Activity 
Concentration 
(Bq L-1)
Alpha Window 
Net Counts 
600s
Beta Window 
Net Counts 
600s
Measured 
Alpha Activity 
Concentration 
(Bq L-1)
Measured Beta 
Activity 
Concentration 
(Bq L-1)
Measured 
Alpha Activity 
Concentration 
(Bq L-1)
Measured Beta 
Activity 
Concentration 
(Bq L-1)
Rad Source 
Standards
191.4 350.8 12058 ± 109.8 24565 ± 156.7 181.9 ± 0.78 349.9 ± 1.08 183.5 ± 1.14 348.9 ± 2.26
Rad Source 
Standards - High 
Alpha
106.3 5.2 7182 ± 84.7 353 ± 18.8 108.3 ± 0.60 5.04 ± 0.13 104.4 ± 0.73 5.03 ± 0.57
Rad Source 
Standards - High Beta
5.1 102.5 340 ± 18.4 7316 ± 85.5 5.1 ± 0.14 104.2 ± 0.59 6.72 ± 0.12 104.2 ± 0.59
Depleted Uranium 
Stock Source
38.5 42.7 2221 ± 47.1 3068 ± 55.4 33.5 ± 0.34 43.7 ± 0.38 34.7 ± 0.21 43.7 ± 0.22
Rad Source 
Standards - Low Conc
0.65 2 43 ± 6.6 143 ± 12.0 0.65 ± 0.04 2.04 ± 0.08 0.75 ± 0.04 2.04 ± 0.45
Environmental 
Surface Water 
Sample
3.97 36.9 245 ± 15.6 2219 ± 47.1 3.69 ± 0.11 31.6 ± 0.32 4.04 ± 0.02 31.4 ± 0.07
Table 5.7 Results Averages for Modified EPA Method
Measured Activity 
Concentration Prior to Spillover 
Correction
Measured Activity 
Concentration After Spillover 
Correction
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The field method was able to determine the presence of the gross alpha and beta 
activity and was within statistical limits of effectiveness when compared to the modified 
EPA method.  The MDC is 308.4 mBq L-1 and 730.2 mBq L-1, for alpha and beta, 
respectively, for the field method compared to 169.6 mBq L-1 and 684.1 mBq L-1 for the 
modified EPA method, respectively.  Much of the disparity in the MDC was a result of the 
greater sample size and longer count times of the EPA Method. It is proposed that the 
field method is most suitable for situational use for environmental screening versus 
environmental monitoring for its higher MDC. This observation does not detract from the 
proposed method’s overall purpose of being a preliminary field-based screening tool prior 
to sending samples out for laboratory evaluation. 
Table 5.9 shows the final comparison of the field methods compared to the 
standard and other current methods.  The proponents, contradictions, sample volumes, 
Source
Expected Alpha 
Activity 
Concentration 
(Bq L-1)
Expected  Beta 
Activity 
Concentration 
(Bq L-1)
Alpha Window 
Net Counts 
600s
Beta Window 
Net Counts 
600s
Measured 
Alpha Activity 
Concentration 
(Bq L-1)
Measured Beta 
Activity 
Concentration 
(Bq L-1)
Measured 
Alpha Activity 
Concentration 
(Bq L-1)
Measured Beta 
Activity 
Concentration 
(Bq L-1)
Rad Source 
Standards
191.4 350.8 4910 ± 70.1 30804 ± 175.5 181.7 ± 0.78 569.4 ± 1.38 183.5 ± 0.75 344.8 ± 1.82
Rad Source 
Standards - High 
Alpha
106.3 5.2 2809 ± 53.0 1156 ± 34.0 103.9 ± 0.59 21.4 ± 0.27 104.4 ± 0.46 5.4 ± 0.44
Rad Source 
Standards - High Beta
5.1 102.5 259 ± 16.1 11416 ± 106.8 9.58 ± 0.18 211.1 ± 0.84 6.72 ± 0.04 95.3 ± 0.97
Depleted Uranium 
Stock Source
38.5 42.7 871 ± 29.5 5229 ± 72.3 32.2 ± 0.33 96.7 ± 0.57 34.7 ± 0.13 41.4 ± 0.13
Rad Source 
Standards - Low Conc
0.65 2 36 ± 6.0 1870 ± 43.2 1.32 ± 0.07 34.6 ± 0.34 0.75 ± 0.01 2.1 ± 0.22
Environmental 
Surface Water 
Sample
3.97 36.9 113 ± 10.6 782 ± 28.0 4.17 ± 0.19 14.5 ± 0.22 4.05 ± 0.01 29.3 ± 0.06
Table 5.8 Results Averages for Field Method
Measured Activity 
Concentration Prior to Spillover 
Correction
Measured Activity 
Concentration After Spillover 
Correction
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counting times, and MDCs are used to qualify the effectiveness of the field method. Table 
5.9 displays the metric evaluation of the field method compared to the other current 
methods. Symbols of ↑ (meets standard with additional advantages), ≈ (comparable to 
others), and ↓ (below the standard set) were given as impressions on how the field 
method fared against the other methods. The lasting impression of the results is the field 
method is comparable to other laboratory methods and deserves consideration for 
inclusion in field methods. This decision will enable risk assessment to be performed and 
determine a need for further analysis.  
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CHAPTER SIX 
 
CONCLUSION 
A field method was developed for the gross detection of alpha and beta 
radionuclides in an aqueous solution. The procedure developed herein had comparable 
preparation method and reduced sample count times. In addition, the method can be 
conduct with little to no technical training. As a result, the method should be used as a 
screening technique in the field environment to decide if further analysis is required. The 
method was developed for the determination of gross alpha and beta activity 
concentration in groundwater with an overall MDC to 308.4mBq L-1 and 730.2 mBq L-1, 
respectively. These values are below the reference levels of gross activity concentration, 
set by the World Health Organization (WHO), 500 mBq L-1 for gross alpha and 1000 mBq 
L-1 for gross beta activities; where water is deemed acceptable for human consumption 
without any further action with respect to its radioactivity [Bartram and Gordon, 2006].  
Sample preconcentration starts with Actinide Resin to recover alpha actinides 
followed by co-precipitation with MnO2 that recovers beta cations. Resin and precipitate 
are counted individually with the Thermo Eberline E600 for alpha and beta radiation. The 
count rates in the alpha and beta windows are corrected for pulse spillover to provide a 
true count and activity.  This method is comparable to other gross alpha and beta 
detection methods with the advantage of being field portable and multi-use when 
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accompanied by the accessory probes. As a result, this method results in a valuable tool 
for an expedient field analysis, risk assessment, and initial decision making capability. 
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Appendix A  
Calibration Data of Laboratory Instruments 
 
The energy spectra of prepared samples were achieved by first calibrating the 
detection unit to display on a multi-channel analyzer (MCA). The Thermo Eberline E600 
can receive input from the modified SPA-1A probe or through a signal splitter connect the 
Ludlum pulser, Model 500-2. The amplified signal travels through a Canberra Lynx analog 
to digital converter, and then the MCA processes the signal. The final pulses are displayed 
on a 8192 channel energy spectra utilizing Canberra software, Genie 2000.  
In the process of determining the optimal LLD and ULD for the windows, it was necessary 
to characterize the energy channels of the MCA to pulse height voltage. However, setting 
the LLD within the detection unit and then viewing the spectrum for optimal windows 
would be a long iterative process.  As a result, to determine the amount of voltage per 
channel, the Thermo Eberline E600 is connected to the pulser and analog to digital 
converter and the output voltage from the unit is analyzed. The pulser provides a pulse 
with a set count rate and voltage. Next,the pulser is connected to the analog to digital 
converter and MCA to obtain voltage values for the energy channels. Last LLD voltage 
values with the Thermo Eberline E600 are associated to energy channels on the MCA from 
the derived pulser voltage values. 
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Calibration curve was determined for Thermo Eberline E600 voltage setting as a 
function of the MCA channel number. The corresponding plot and data of the calibration 
curve are presented in Figure A.1 and T ableA.1, respectively.  
 
Figure A.1 Calibration curve for Thermo Eberline E600 voltage and MCA channel # 
   Table A.1 Calibration Curve Data of Thermo Eberline 
E600 voltage and MCA channel # 
Pulser Voltage 
(mV) 
Thermo Eberline 
E600 Voltage 
(mV) 
MCA  
Channel # 
1.65 1.00 39 
2.20 1.46 49 
3.11 2.00 67 
4.82 3.00 101 
8.70 5.10 168 
14.6 8.94 277 
19.8 12.0 369 
24.6 15.1 461 
33.9 21.2 632 
48.6 30.1 903 
65.0 40.0 1194 
82.0 50.1 1486 
98.0 60.0 1774 
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In the early stages of the development of this method, liquid scintillation counter 
(LSC) was utilized to determine initial activity.  The LSC possessed pulse shape analyzer 
(PSA) to perform a simultaneous alpha/beta counting. The calibration of the counter was 
performed through the evaluation of the optimum PSA threshold level for effective 
counting. Standard solutions of 241Am and 137Cs as alpha and beta emitters were used in 
the calibrations. Background was counted for 10 minutes, and two samples were 
measured over a range of PSA values for 1 min counts. The optimal PSA value was 
determined where the amount of misclassified pulses, or spillover of both samples, were 
approximately equal to the value of 0.5% between the alpha and beta regions.  Data for 
PSA value determination is shown in Figure A.2 and Tables A.2 – A.4.  
 
Figure A.2 Spillover calibration curve for the determination of the PSA for the Wallac 
Quantulus 1220, SQP(e) # was determined to be at 720. 
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Table A.2 Background Data for PSA calibration – Count Time 10 minutes 
PSA 
Window 1 Counts 
Beta Emitters 
Channels  
200 -350 
σ 
Window 2 Counts 
Alpha Emitters  
Channels  
350 -500 
σ 
Total 
Counts 
σ 
50 28 5.3 34 5.8 62 7.9 
80 39 6.2 12 3.5 51 7.1 
90 41 6.4 9 3.0 50 7.1 
94 56 7.5 5 2.2 61 7.8 
100 60 7.7 7 2.6 67 8.2 
150 52 7.2 1 1.0 53 7.3 
       
 
Table A.3 Data for PSA Calibration using 241Am for Alpha to Beta Spillover –  
Count Time 1 min 
PSA 
Window 1 
Counts 
Beta 
Emitters 
Channels  
200 -350 
σ 
Window 2 
Counts 
Alpha 
Emitters  
Channels  
350 -500 
σ Net Counts σ 
Window 
Spillover 
(%) 
σ 
10 29 5.4 33521 183.1 33550 183.2 0.09 0.001 
20 38 6.2 33924 184.2 33962 184.3 0.11 0.002 
50 122 11.0 33791 183.8 33913 184.2 0.36 0.005 
70 386 19.6 33635 183.4 34021 184.4 1.13 0.016 
80 570 23.9 33519 183.1 34089 184.6 1.67 0.024 
90 549 23.4 33599 183.3 34148 184.8 1.61 0.023 
93 927 30.4 32808 181.1 33735 183.7 2.75 0.039 
94 999 31.6 33002 181.7 34001 184.4 2.94 0.042 
95 1079 32.8 32773 181.0 33852 184.0 3.19 0.045 
96 1073 32.8 32599 180.6 33672 183.5 3.19 0.045 
97 1150 33.9 32945 181.5 34095 184.6 3.37 0.048 
100 1161 34.1 32582 180.5 33743 183.7 3.44 0.049 
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Table A.4 Data for PSA Calibration using  137Cs for Beta to Alpha Spillover – 
Count Time 1 min 
PSA 
Window 1 
Counts 
Beta 
Emitters 
Channels  
200 -350 
σ 
Window 2 
Counts 
Alpha 
Emitters  
Channels  
350 -500 
σ Net Counts σ 
Window 
Spillover 
(%) 
σ 
50 272040 521.6 389100 623.8 661140 813.1 58.85   
70 504628 710.4 156585 395.7 661213 813.2 23.68 0.335 
80 588065 766.9 72523 269.3 660588 812.8 10.98 0.155 
90 630782 794.2 29161 170.8 659943 812.4 4.42 0.062 
93 636372 797.7 22805 151.0 659177 811.9 3.46 0.049 
94 639910 799.9 19834 140.8 659744 812.2 3.01 0.043 
95 641855 801.2 18230 135.0 660085 812.5 2.76 0.039 
96 642490 801.6 16108 126.9 658598 811.5 2.45 0.035 
97 645156 803.2 14987 122.4 660143 812.5 2.27 0.032 
100 648447 805.3 11304 106.3 659751 812.3 1.71 0.024 
150 660270 812.6 633 25.2 660903 813.0 0.10 0.001 
170 660024 812.4 524 22.9 660548 812.7 0.08 0.001 
190 660477 812.7 434 20.8 660911 813.0 0.07 0.001 
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Appendix B 
 Gross Alpha/Beta Field Method Setup Procedures 
 Pre-Count Checks: 
1. Check the status of the battery and check the calibration of Thermo Eberline 
E600 instrument and probe.  
2. Conduct safety checks on electrical cords and connectors.  
3. Verify Phoswich Scintillator is flat against PMT face with adequate optical 
grease. Figure B.1 depicts the correct and incorrect placement of phoswich 
scintillator.  
 
       a.                                                     b. 
Figure B.1 Phoswich scintillator on PMT Face. a) Proper mounting with 
adequate optical silicone b) Improper mounting – Observe separation 
(air bubble) of scintillator from PMT face. 
4. If necessary, interface with Thermo Eberline E600 software, and set window 
parameters.  
Counting of Samples 
 
5. Verify empty well cap. Rethread well cap onto the probe.  
6. Turn on the unit and perform background count for 600 seconds 
on all three channels.  
SAFETY NOTE: Never unscrew well cap when a high voltage is applied to the probe. 
Photomultiplier Tube (PMT) will be damaged. Verify unit is off when placing or 
changing samples. 
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7. Using forceps, place steel planchet with resin/ or MnO2 precipitate sample into 
well of SPA-1A probe. 
8. Carefully thread SPA-1A probe body into the well cap, not to contaminate 
scintillator material with the sample. 
9. Turn on Thermo Eberline E600 unit, providing high voltage to probe.  
10. Set dial to Scaler Mode, press channel button and start with Channel 1, Alpha 
Window. Count for a preset time. Default at 600 seconds. 
11. Repeat with Channel 2, recording counts and count rate in counts per sec (cps).  
12. Correct for spillover and calculate true counts Equations 7 and 8. 
13. Determine activity with Equation 9. 
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Appendix C 
Thermo Eberline SPA-1A Probe Calibration Procedure (Excerpt Taken from Thermo 
Instruments E600 Technical Manual, 1996)
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Appendix D 
EPA Method 900.0 (Excerpt Taken from EPA Clean Water Act Analytical Methods, 
Prescribed Procedures for Measurement of Radioactivity in Drinking Water. 1980.) 
GROSS ALPHA AND GROSS BETA RADIOACTIVITY IN DRINKING WATER 
METHOD 900.0 
1.0 Scope and Application 
1.1 This method covers the measurement of gross alpha and gross beta particle 
activities in drinking water. The method is a screening technique for monitoring drinking 
water supplies for alpha and beta particle activities according to the limits set forth 
under the Safe Drinking Water Act, PL 93-523, 40 FR 34324, and thereby determining 
the necessity for further analysis. 
1.2 The method is applicable to the measurement of alpha emitters having energies 
above 3.9 megaelectronvolts (MeV) and beta emitters having maximum energies above 
0.1 MeV. 
1.3 The minimum limit of concentration to which this method is applicable depends on 
sample size, counting system characteristics, background, and counting time. The 
National Primary Interim Drinking Water Regulations (NIPDWR) require a gross beta 
detection limit of 4 pCiL-1, an alpha detection limit of 1 pCiL-1for compliance with Part 
141.15(a) and a gross alpha detection limit of 3 pCiL-1 for compliance with Part 
141.15(b). 
1.4 Since, in this method for gross alpha and gross beta measurement, the radioactivity 
of the sample is not separated from the solids of the sample, the solids concentration is 
very much a limiting factor in the sensitivity of the method for any given water sample. 
Also, for samples with very low concentrations of radioactivity such as from drinking 
water sources, it is essential to analyze as large a sample aliquot as is needed to give 
reasonable counting times in meeting the required sensitivities (detection limits) 
indicated above. The Regulations define sensitivity in terms of detection limits Part 
141.25(c) of the Regulations. 
1.5 The largest sample aliquot that should be counted for gross alpha activity is that size 
aliquot which gives a solids density thickness of 5 mg/cm2 in the counting planchet. For 
a 2-inch diameter counting planchet (20 cm2), an aliquot containing 100 mg of dissolved 
solids would be the maximum aliquot size for that sample which should be evaporated 
and counted for gross alpha activity. 
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1.6 When the concentration of total dissolved solids (TDS) is known for a given water 
sample and the alpha background and the counting efficiency of a given counting 
system are known, the counting time that is needed to meet the required sensitivity (3 
pCi/L) can be determined by equations given in Appendix C. 
1.7 For the counting of gross beta activity in a water sample the TDS is not as limiting as 
for gross alpha activity because beta particles are not stopped in solids as easily as are 
alpha particles. Very often a single sample aliquot is evaporated and counted for both 
gross alpha and gross beta activity. In that case, the sample aliquot size would be 
dictated by the solids limitations for alpha particles. For water samples that are to be 
counted for gross beta activity, equations in Appendix C can also be used to determine 
the necessary counting time to meet a sensitivity for gross beta activity (4 pCiL-1 
required by NIPDWR). 
1.8 Radionuclides that are volatile under the sample preparation conditions of this 
method will not be measured. In some areas of the country the nitrated water solids 
(sample evaporated with nitric acid present) will not remain at a constant weight after 
being dried at 105°C for two hours and then exposed to the atmosphere before and 
during counting. Other radioactivities may also be lost during the sample evaporation 
and drying at 105°C (such as some chemical forms of radioiodine). Those types of water 
samples need to be heated to a dull red heat for a few minutes to convert the salts to 
oxides. Sample weights are then usually sufficiently stable to give consistent counting 
rates and a correct counting efficiency can then be assigned. Some radioactivities, such 
as the cesium radioisotopes, may be lost when samples are heated to dull red color. 
Such losses are limitations of the test method. 
1.9 This method provides a rapid screening measurement to indicate whether specific 
analyses are required. For drinking waters with an extremely high solids content (>500 
ppm), method 900.1 is recommended. 
2.0 Summary of Method 
2.1 An aliquot of a preserved drinking water sample is evaporated to a small volume and 
transferred quantitatively to a tared 2-inch stainless steel counting planchet. The sample 
residue is dried to constant weight, reweighed to determine dry residue weight, and 
then counted for alpha and/or beta radioactivity.  
2.2 Counting efficiencies for both alpha and beta particle activities are selected 
according to the amount of sample solids from counting efficiency vs sample solids 
standard curves. 
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3.0 Sample Handling and Preservation 
3.1 A representative sample must be collected from a free-flowing source of drinking 
water, and should be large enough so that adequate aliquots can be taken to obtain the 
required sensitivity. 
3.2 It is recommended that samples be preserved at the time of collection by adding 
enough 1N HNO3 to the sample to bring it to pH 2 (15 mL 1N HN3O per liter of sample is 
usually sufficient.) If samples are to be collected without preservation, they should be 
brought to the laboratory within 5 days, then preserved and held in the original 
container for a minimum of 16 hours before analysis or transfer of the sample. 
3.3 The container choice should be plastic over glass to prevent loss due to breakage 
during transportation and handling. 
4.0 Interferences 
4.1 Moisture absorbed by the sample residue is interference as it obstructs counting 
and self-absorption characteristics. If a sample is counted in an internal proportional 
counter, static charge on the sample residue can cause erratic counting, thereby 
preventing an accurate count. 
4.2 Non-uniformity of the sample residue in counting planchet interferes with the 
accuracy and precision of the method. 
4.3 Sample density on the planchet area should not be not more than 5 mg/cm2 for 
gross alpha and not more than 10 mg/cm2 for gross beta. 
4.4 When counting alpha and beta particle activity by a gas flow proportional counting 
system, counting at the alpha plateau discriminates against beta particle activity, 
whereas counting at the beta plateau is sensitive to alpha particle activity-present in the 
sample. This latter effect should be determined and compensated for during the 
calibration of the specific instrument being used. 
5.0 Apparatus - See Appendix D for details and specifications. 
5.1 Gas-flow proportional counting system, or 
5.2 Scintillation detector system 
5.3 Stainless steel counting planchets 
5.4 Electric hot plate 
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5.5 Drying oven 
5.6 Drying lamp 
5.7 Glass desiccator 
5.8 Glassware 
5.9 Analytical balance 
6.0 Reagents 
All chemicals should be of "reagent-grade" or equivalent whenever they are 
commercially available. 
6.1 Distilled or deionized water having a resistance value between 0.5 and 2.0 megohms 
at 25°C. 
6.2 Nitric acid, 1N: Mix 6.2 mL 16N HNO3 (conc.) with deionized or distilled water and 
dilute to 100 mL. 
7.0 Calibrations 
7.1 For absolute gross alpha and gross beta measurement, the detectors must be 
calibrated to obtain the ratio of count rate to disintegration rate. Americium-241 (used 
for alpha activity in the collaborative test of this method) has higher alpha particle 
energy (5.49 MeV) than those emitted by the naturally occurring uranium and radium-
226 radionuclides but is close to the energy of the alpha particles emitted by naturally 
occurring thorium-228 and radium-224. Standards should be prepared in the geometry 
and weight ranges to be encountered in these gross analyses. It is, therefore, the 
prescribed radionuclide for gross alpha calibration. NBS or NBS-traceable americium-241 
is available from Standard Reference Materials Catalog, NBS Special Publications 260, 
U.S. Department of Commerce (1976) and from Quality Assurance Branch, EMSL-LV, 
P.O. Box 15027, Las Vegas, Nevada 89114. 
7.2 Strontium-90 and cesium-137 have both been used quite extensively as standards 
for gross beta activity. Standard solutions of each of these radionuclides are readily 
available. Cesium is volatile at elevated temperatures (above 450°C). Some water 
supplies have dissolved solids (salts) that, when converted to nitrate salts are quite 
hygroscopic and need to be converted to oxides by heating to red heat to obtain sample 
aliquots that are weight-stable. Sample weight stability is essential to gross alpha and 
gross beta measurements to ensure the accuracy of the self-absorption counting 
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efficiency factor to be used for the samples. Strontium-90 in equilibrium with its 
daughter yttrium-90 is the prescribed radionuclide for gross beta calibrations. 
7.3 For each counting instrument to be used, the analyst should prepare separate alpha 
and beta particle self-absorption graphs showing water sample residue weight (mg) vs 
the efficiency factor (dpm/cpm), using standard alpha and beta emitter solutions and 
tap water. For the alpha graph standard, alpha activity is added to varying size aliquots 
of tap water, such that the aliquot residue weight is varied between 0 and 100 mg (for a 
2-inch counting planchet). A similar graph is prepared with standard beta activity and 
tap water aliquots, varying the residue weight between 0 and 300 mg (for a 2-inch 
planchet). If it is planned to use water sample aliquot volumes that always contain 100 
mg of dried water solids, then only the efficiency factor for that residue weight needs to 
be established. 
7.4 Tap water aliquots with added americium-241 or strontium-90 standard should be 
acidified with a few mL 16N HNO3, evaporated to a small volume in a beaker on a hot 
plate, transferred quantitatively in 5 mL portions or less to a tared counting planchet, 
evaporated to dryness, and finally dried at 105°C for 2 hours (or flamed to a red heat if 
dried solids appear to be noticeably hygroscopic). Weight-stable aliquot residues should 
then be alpha and/or beta counted until at least 10,000 total counts have been 
accumulated. A single set of reference standards prepared in this way can be used for 
each counting instrument for separate graph preparations and can be stored for 
verification whenever needed. 
8.0 Procedure 
8.1 Transfer to a beaker an aliquot of a water sample of a volume size that contains no 
more than 100 mg (for alpha only or alpha and beta determination) or 200 mg (for beta 
only determination) of total water solids. Evaporate the aliquot to near dryness on a hot 
plate. If water samples are known or suspected to contain chloride salts, those chloride 
salts should be converted to nitrate salts before the sample residue is transferred to a 
stainless steel planchet (Chlorides will attack stainless steel and increase the sample 
solids and no correction can be made for those added solids).  
Chloride salts can be converted to nitrate salts by adding 5 mL portions of 16N HNO3 to 
the sample residue and evaporating to near dryness. (Two treatments are usually 
sufficient.) Add 10 mL 1N HNO3 to the beaker and swirl to dissolve the residue. 
Quantitatively transfer the aliquot concentrate in small portions (not more than 5 mL at 
a time) to a tared planchet, evaporating each portion to dryness. 
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8.2 Dry the sample residue in a drying oven at 105°C for at least 2 hours; cool in a 
desiccator; weigh; and count. Store the sample residue in a desiccator until ready for 
counting. 
8.3 Some types of water dissolved solids when converted to nitrate salts are quite 
hygroscopic even after being dried at 105°C for two hours. When such hygroscopic salts 
are present in samples that are put into an automatic counting system, those samples 
gain weight while they are waiting to be counted and inaccurate counting data result. 
When there is evidence of hygroscopic salts in sample counting planchets, it is 
recommended that they are flamed to a dull red heat with a Meeker burner for a few 
minutes to convert the nitrate salts to oxides before weighing and counting. 
8.4 Count for alpha and beta activity at their respective voltage plateaus. If the sample is 
to be recounted for reverification, store it in a desiccator. Note: As long as counting 
chambers are capable of handling the same size planchet, alpha and beta activity can be 
determined at their respective voltage plateaus in the designated counting instruments. 
Keep planchet in the desiccator until ready to count because vapors from moist residue 
can damage detector and window and cause erratic measurements. Samples may be 
counted for beta activity immediately after drying, but alpha counting should be 
delayed at least 72 hours until equilibrium has occurred. If the gas-flow internal 
proportional counter does not discriminate for the higher energy alpha pulses at the 
beta plateau, the alpha activity must be subtracted from the beta plus alpha activity. 
This is particularly important for samples with high alpha activity. 
9.0 Calculations 
9.1 Calculate the alpha radioactivity by the following equation where: 
A = net alpha count rate (gross alpha count rate minus the background count rate) at 
the alpha voltage plateau 
C = alpha efficiency factor, read from graph of efficiency versus mg of water solids per 
cm2 of planchet area, (cpm/dpm) 
V = volume of sample aliquot, (mL) 
2.22 = conversion factor from dpm/pCi 
  
 95 
 
9.2 Calculate the beta radioactivity by the following equations: 
9.2.1 If there are no significant alpha counts when the sample is counted at the alpha 
voltage plateau, the beta activity can be determined from the following equation where:  
B = net beta count rate (gross count rate minus the background count rate at the beta 
voltage plateau) 
D = beta efficiency factor, read from the graph of efficiency versus mg of water solids 
per cm2 of planchet area, (cpm/dpm) 
V = volume of sample aliquot, (mL) 
2.22 = conversion factor from dpm/pCi 
9.2.2 When counting beta radioactivity in the presence of alpha radioactivity by gas-flow 
proportional counting systems (at the beta plateau) alpha particles are also counted. 
Since alpha particles are more readily absorbed by increasing sample thickness than 
beta particles, the alpha/beta count ratios vary with increasing sample thickness. 
Therefore, it is necessary to prepare a calibration curve by counting standards 
containing americium-241 with increasing thickness of solids on the alpha plateau and 
then on the beta plateau, plotting the ratios of the two counts vs. density thickness. The 
alpha amplification factor (E) from that curve is used to correct the amplified alpha 
count on the beta plateau. When significant alpha activity is indicated by the sample 
count at the alpha voltage plateau, the beta activity of the sample can be determined by 
counting the sample at the beta voltage plateau and calculating the activity from the 
following equation where: 
B = (as defined above), D = (as defined above), A = (as defined above) 
E = alpha amplification factor, read from the graph of the ratio of alpha counted at the 
beta voltage/alpha counted at the alpha voltage vs. sample density thickness 
V= volume of sample aliquot, (mL) 
2.22 = conversion factor from dpm/pCi. 
9.3 Errors associated with the results of the analysis should also be reported. (See 
Appendix B for error and statistical calculations). 
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10.0 Precision and Accuracy 
10.1 In an interlaboratory collaborative test of the method, three sets of samples were 
analyzed by 18 laboratories for gross alpha and gross beta activity. The samples were 
prepared with dissolved water solids with known additions of americium-241 for gross 
alpha and cesium-l37 for gross beta activity. Sample series A contained only americium-
241 radioactivity, series B contained only cesium-137 radioactivity, and series C 
contained both americium-241 and cesium-137 radioactivities. Participating laboratories 
were supplied with standard solutions of americium-241 and cesium-137 and blank 
solution of dissolved water solids for preparing sample self-absorption curves. 
10.2 The gross alpha data from two laboratories was rejected for the statistical analysis 
because their scores in the ranked results of the laboratory averages were out of the 
acceptable range for 18 laboratories. The gross beta data from 3 laboratories were 
rejected for the statistical analysis for the same reason. 
10.3 The coefficients of variation for the combined within-laboratory precision for gross 
alpha analysis of the 3 samples ranged from 7.4% to 12.2%. The coefficients of variation 
for the precision of the method between laboratories ranged from 11.5% to 14.6% for 
gross alpha analysis for the 3 samples. 
10.4 The coefficients of variation for the combined within-laboratory precision for gross 
beta analysis for the 3 samples ranged from 3.5% to 5.2%. The coefficients of variation 
for the precision between laboratories for gross beta analysis for the 3 samples ranged 
from 3.5% to 7.5%. The coefficients of variation for the total error between laboratories 
based on a single analysis ranged from 5.9% to 8.3% for gross beta analysis of the 3 
samples. 
10.5 In the statistical test to detect method bias the calculated values for "t" were well 
below the specified critical value for "t" for both gross alpha and gross beta analysis, 
indicating no bias in the method. Also, a comparison of the known values to the grand 
average values shows a deviation of less than 10% for alpha activity for the 3 samples. 
The same comparison for beta activity shows a deviation of less than 2% for each of the 
3 samples. 
10.6 Whenever the same radioisotopes are present in standards and samples, 
acceptable accuracy of measurement of alpha and beta activities would be expected. 
Whenever different radioisotopes are present in standards and samples, especially 
when significantly different particle energies are involved, then any measurement of 
gross alpha and gross beta activity in the sample will only be an estimation of the true 
activities. Such estimation can only serve to indicate the need for more specific 
analyses. 
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Table E.8 Raw Data for Figure 5.10 and 5.11 for 137Cs and 238Pu  
(100 minute count time) 
αo Window 
Level 
discriminator 
(mV) 
Background 
Counts 
Bg 
Percent 
Beta 
Window 
(%) 
Bg 
Percent 
Alpha 
Window 
(%) 
137Cs Net 
Counts 
238Pu Net 
Counts 
137Cs 
Percent 
counts 
Beta 
Window 
(%) 
238Pu 
Percent 
counts 
Alpha 
Window 
(%) 
0.02 11.0 0.16 1 192 111 11.45 8.78 
0.06 10.0 0.17 1 234 81 13.72 9.82 
0.09 12.0 0.19 1 171 126 15.38 11.43 
0.12 11.0 0.21 1 72 72 16.08 12.36 
0.16 4.0 0.21 1 108 114 17.12 13.82 
0.19 6.0 0.22 1 171 81 18.78 14.86 
0.23 10.0 0.24 1 81 102 19.56 16.17 
0.26 5.0 0.25 1 198 81 21.48 17.21 
0.29 10.0 0.26 1 207 60 23.49 17.98 
0.33 12.0 0.28 1 126 42 24.71 18.51 
0.36 11.0 0.30 1 117 60 25.84 19.28 
0.40 11.0 0.32 1 126 24 27.06 19.59 
0.43 14.0 0.34 1 135 12 28.37 19.75 
0.46 12.0 0.36 1 126 54 29.59 20.44 
0.50 16.0 0.39 1 93 27 30.49 20.79 
0.53 9.0 0.40 1 117 3 31.63 20.82 
0.57 21.0 0.43 1 108 12 32.67 20.98 
0.60 27.0 0.48 1 171 51 34.33 21.63 
0.63 25.0 0.52 0 81 15 35.12 21.82 
0.67 10.0 0.53 0 108 0 36.16 21.82 
0.70 26.0 0.57 0 90 48 37.03 22.44 
0.74 10.0 0.59 0 99 0 37.99 22.44 
0.77 23.0 0.63 0 117 48 39.13 23.06 
0.80 22.0 0.66 0 126 51 40.35 23.71 
0.84 14.0 0.68 0 135 39 41.66 24.21 
0.87 19.0 0.71 0 105 54 42.67 24.90 
0.91 13.0 0.73 0 84 24 43.49 25.21 
0.94 8.0 0.75 0 99 12 44.45 25.37 
0.97 18.0 0.78 0 126 39 45.67 25.87 
1.01 14.0 0.80 0 117 27 46.80 26.21 
1.04 2.0 0.80 0 126 6 48.02 26.29 
1.08 6.0 0.81 0 108 6 49.07 26.37 
1.11 4.0 0.82 0 123 12 50.26 26.52 
1.14 10.0 0.83 0 117 30 51.40 26.91 
1.18 2.0 0.84 0 111 3 52.47 26.94 
1.21 2.0 0.84 0 123 9 53.66 27.06 
1.25 2.0 0.84 0 108 6 54.71 27.14 
1.28 6.0 0.85 0 105 6 55.73 27.21 
1.31 1.0 0.85 0 114 3 56.83 27.25 
1.35 3.0 0.86 0 90 3 57.70 27.29 
1.38 4.0 0.86 0 99 9 58.66 27.41 
1.41 3.0 0.87 0 126 3 59.88 27.44 
1.45 0.0 0.87 0 66 3 60.52 27.48 
1.48 2.0 0.87 0 69 3 61.19 27.52 
1.52 2.0 0.88 0 42 3 61.60 27.56 
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Table E.8 (Cont) Raw Data for Figure 5.10 and 5.11 for 137Cs and 238Pu 
αo Window 
Level 
discriminator 
(mV) 
Background 
Counts 
Bg Percent 
Beta 
Window 
(%) 
Bg 
Percent 
Alpha 
Window 
(%) 
137Cs 
Net 
Counts 
238Pu 
Net 
Counts 
137Cs 
Percent 
counts 
Beta 
Window 
(%) 
238Pu 
Percent 
counts 
Alpha 
Window 
(%) 
1.55 2.0 0.88 0 39 3 61.98 27.60 
1.58 2.0 0.88 0 30 3 62.27 27.64 
1.99 0.0 0.90 0 57 0 67.30 28.29 
2.03 0.0 0.90 0 33 0 67.62 28.29 
2.06 3.0 0.91 0 48 0 68.08 28.29 
2.47 0.0 0.93 0 39 9 71.72 28.87 
2.50 0.0 0.93 0 27 0 71.98 28.87 
2.54 0.0 0.93 0 60 3 72.56 28.91 
2.91 0.0 0.94 0 27 0 76.02 29.25 
2.94 3.0 0.94 0 15 6 76.16 29.33 
2.98 3.0 0.95 0 24 3 76.40 29.37 
3.01 0.0 0.95 0 42 0 76.80 29.37 
3.05 0.0 0.95 0 24 0 77.03 29.37 
3.49 0.0 0.95 0 51 0 80.61 29.95 
3.52 0.0 0.95 0 12 0 80.73 29.95 
3.96 0.0 0.95 0 21 3 83.34 30.29 
4.00 0.0 0.95 0 30 0 83.63 30.29 
4.51 0.0 0.96 0 12 6 86.22 30.68 
4.54 0.0 0.96 0 15 0 86.37 30.68 
4.98 0.0 0.96 0 21 0 88.37 30.75 
5.02 0.0 0.96 0 12 3 88.49 30.79 
6.00 0.0 0.97 0 15 0 91.31 31.33 
6.99 0.0 0.98 0 3 0 93.37 31.60 
7.02 0.0 0.98 0 3 0 93.40 31.60 
7.97 0.0 0.98 0 0 0 94.59 31.87 
8.01 0.0 0.98 0 0 0 94.59 31.87 
8.99 0.0 0.99 0 0 3 95.55 32.29 
9.98 0.0 0.99 0 6 0 96.16 32.60 
10.01 0.0 0.99 0 0 0 96.16 32.60 
10.05 0.0 0.99 0 0 0 96.16 32.60 
14.97 0.0 0.99 0 0 0 98.69 33.99 
15.01 0.0 0.99 0 3 0 98.72 33.99 
15.04 0.0 0.99 0 0 3 98.72 34.03 
20.00 0.0 1.00 0 0 0 99.19 36.41 
20.99 0.0 1.00 0 0 0 99.19 36.95 
21.09 0.0 1.00 0 0 3 99.22 37.03 
21.19 0.0 1.00 0 0 0 99.22 37.03 
21.29 0.0 1.00 0 0 3 99.22 37.07 
21.39 0.0 1.00 0 0 0 99.22 37.11 
21.50 0.0 1.00 0 0 0 99.22 37.11 
21.97 0.0 1.00 0 0 0 99.22 37.45 
22.01 0.0 1.00 0 0 0 99.22 37.45 
22.99 0.0 1.00 0 0 3 99.22 38.07 
23.03 0.0 1.00 0 0 0 99.22 38.07 
25.00 0.0 1.00 0 0 0 99.24 39.15 
28.73 0.0 1.00 0 0 3 99.30 41.76 
30.03 0.0 1.00 0 0 0 99.30 42.84 
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Table E.9 Raw Data and Counting Uncertainty for Figure 5.13 for 238Pu 
Voltage 
(VDC) 
Background 
Beta 
Window  
 (cps) 
σ 
Background 
Alpha 
Window   
(cps) 
σ 
Net   
Count 
Rate  
Beta 
Window 
(cps) 
σ 
Net 
Count 
Rate  
Alpha 
Window 
(cps) 
σ 
303 0.00 0.00 0.00 0.00 4.95 0.09 0.00 0.01 
322 0.01 0.00 0.01 0.02 21.99 0.19 0.00 0.03 
342 0.00 0.00 0.00 0.00 40.40 0.26 0.00 0.03 
361 0.03 0.00 0.03 0.04 53.67 0.30 0.00 0.04 
381 0.01 0.00 0.01 0.02 60.09 0.32 0.02 0.05 
400 0.02 0.00 0.02 0.03 64.88 0.33 1.84 0.08 
420 0.01 0.00 0.01 0.02 59.99 0.34 8.69 0.13 
439 0.03 0.00 0.03 0.04 50.07 0.35 21.30 0.21 
459 0.05 0.02 0.07 0.05 30.95 0.35 41.08 0.30 
479 0.05 0.00 0.05 0.05 29.15 0.35 44.50 0.40 
498 0.14 0.00 0.14 0.08 21.26 0.36 52.20 0.50 
518 0.23 0.02 0.25 0.10 16.57 0.37 61.28 0.59 
537 0.35 0.01 0.03 0.04 13.25 0.38 63.79 0.68 
557 0.37 0.03 0.01 0.02 11.33 0.38 65.67 0.75 
576 0.40 0.04 0.02 0.03 9.80 0.40 68.16 0.80 
586 0.45 0.04 0.02 0.02 8.89 0.40 69.24 0.80 
596 0.59 0.06 0.03 0.04 8.69 0.40 69.44 0.84 
615 0.69 0.05 0.79 0.18 7.60 0.40 70.95 0.88 
635 0.82 0.09 0.91 0.19 7.93 0.42 72.51 0.90 
654 0.95 0.09 1.04 0.21 7.49 0.42 72.31 0.91 
674 0.86 0.19 1.05 0.21 7.21 0.43 74.01 0.92 
693 0.90 0.27 1.17 0.22 7.33 0.43 74.83 0.93 
713 1.10 0.32 1.42 0.24 8.42 0.45 76.28 0.93 
732 1.32 0.37 1.69 0.27 10.88 0.47 75.33 0.94 
752 1.87 0.43 2.30 0.31 17.73 0.51 77.17 0.95 
771 2.56 0.53 3.09 0.36 35.34 0.57 78.47 0.95 
791 3.55 0.83 4.38 0.43 78.85 0.67 78.27 0.96 
801 4.54 1.13 5.67 0.49 114.46 0.75 76.77 0.97 
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